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Stable  operation  of  the  new  developed  s-DBT  scanner  at  28kVp  anode  voltage  and  38mA  tube 
current  was  demonstrated  with  extended  lifetime  and  good  source-to-source  consistency.  For 
standard  imaging  protocol  of  15  views.  14  degree.  lOOmAs  dose,  and  2x2  detector  banning  the 
projection  resolution  along  scanning  direction  is  increased  from  4.0  Ips^mm  (at  10%  MTF)  in 
DBT  to  5.1  Ipsi’mm  m  s-DBT  at  magnification  factor  of  1.1.  The  improvement  is  more  pronounced 
for  faster  scanning  speed,  wider  angular  coverage,  and  smaller  detector  pixel  size.  The 
scanning  speed  depends  on  the  detector,  the  number  of  views,  and  the  imaging  dose.  With  240ms 
detector  readout  time  the  s-DBT  system  scanning  time  is  6.3s  for  a  15-vew.  1(X)mAs  scan 
regaroess  of  the  angular  coverage.  The  scanning  speed  can  be  reduced  to  less  than  4s  when 
detectors  become  faster.  Initial  phantom  studies  showed  good  quality  reconstructed  images. 
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Introduction 


Breast  cancer  is  the  most  common  type  ol  cancer  occurring  in  women.  Early  detection  is 
considered  as  the  best  hope  lor  decreasing  the  mortality  rate  trom  breast  cancer  [1-4).  Digital 
breast  tomosynthesis  (DBT)  has  the  potential  to  improve  the  effectiveness  of  early  breast 
cancer  screening  at  a  similar  dose  and  comparable  cost  as  the  full-field  digital  mammography 
(FFDM)  |5J.  There  are  however  two  important  limitations  of  the  current  DBT  technology:  low 
spatial  resolution  and  tong  scanning  time  comparing  to  FFDM.  Both  result  directly  from  the 
limitations  of  the  conventional  x-ray  tube  technology  where  x-ray  radiation  is  generated  from  a 
single  focal  spot  and  the  flux  is  constrained  by  the  anode  heat  toad.  Image  blurhng  due  to  both 
source  and  patient  motion  is  a  major  factor  that  degrades  the  spatial  resolution  of  DBT  and  its 
sensitivity  for  small  micro-calcifications  (MC)  compared  to  FFDM  [6],  Although  results  from 
phantoms  [7.  8]  and  clinical  tests  [9)  have  shown  a  higher  sensitivity  for  mass  compared  to 
mammography.  DBT  by  itself  is  often  inferior  to  diagnostic  mammography  in  characterization  of 
MC  [10].  which  is  critical  for  diagnosis  of  cancer  [11-13],  The  Hologic  Selenia  DBT  scanner  was 
recently  approved  by  FDA  [14]  to  operate  in  the  combo  mode  requiring  acquisition  of  both  2D 
mammography  and  3D  tomosynthesis  images  for  each  patient  to  achieve  good  MC  and  mass 
detection.  This  however  increases  the  total  imaging  dose  [15]. 

To  address  the  limitations  of  the  current  DBT  technology,  we  recently  developed  a 
stationary  digital  breast  tomosynthesis  (s-DBT)  in  a  bench  top  system  using  a  vacuum  chamber 
based  CNT  x-ray  source  array  [16].  In  particular  we  investigated  the  feasibility  of  improving  the 
spatial  resolution  of  the  Hologic  Selenia  Dimensions  DBT  scanner  by  replacing  the  standard 
mammography  x-ray  tube  with  a  specially  designed  distributed  CNT  source  array.  The  aim  is  to 
increase  the  detection  sensitivity  of  tomosynthesis  for  MC's  to  potentially  eliminate  the  need  for 
additional  2D  mammography  imaging.  We  further  evaluated  the  scanning  time  at  the  targeted 
spatial  resolution  for  a  given  set  of  detector  readout  times.  The  lifetime  and  consistency  of  the 
CNT  x-ray  source  array  were  also  tested. 


Body 

Task  1.  Design  and  construct  a  fully  functional  full-field  s-DBT  scanner  with  the  specially 
designed  high-power  MBFEX  source  (Months  1-17) 

In  order  lo  perform  a  realistic  comparison  of  performance,  the  configuration  of  the  scanner  is 
similar  to  the  Hologic  Selenia  Dimensions  scanner.  The  following  specific  works  have  been 
carried  out  in  year  two: 

1.2  Manufacture  the  MBFEX  source  based  on  the  specifications  defined  in  1.1.  (Months 
7-15) 

1.2.3  X-ray  tube  fabrication:  The  MBFEX  source  will  be  made  at  UNC.  The  tube 
manufacturing  and  process  work  will  be  done  at  XinRay.  Siemens  is  one  of  its  two  parent 
companies.  The  tube  will  have  an  open  design  with  a  flange  that  can  be  opened  and  re¬ 
closed.  Therefore,  the  internal  structure  of  x-ray  source  including  the  anode  and  the 
cathode  array  can  be  easily  changed.  (Months  9-15) 

The  electron  source  arrays  have  been  fabricated  at  XinRay's  facility  in  RTP.  NC.  The 
tube  manufacturing  and  process  work  has  been  done  at  Siemens  Medical  Solution's,  one  of  its 
parent  companies,  facilities  in  Germany. 

Figure  1  shows  the  CNT  x-ray  source  array  designed  for  s-DBT.  The  tube  contains  an 
extended  anode  plate  with  31  individual  tungsten  anodes  and  a  two-stage  active  focusing 
assembly  for  electron  beam  focusing.  In  the  picture  one  can  see  the  main  housing  components 
consist  of  the  HV  feed-through  for  the  anode  voltage  input,  two  ion  getter  pumps  that  allow  the 
monitoring  of  the  pressure  inside  the  tube,  and  the  large  x-ray  window  made  from  Aluminum. 
The  backside  contains  the  electrical  feed-through  for  the  cathodes  and  the  focusing  electrodes. 
The  tube  was  designed  to  provide  similar  scan  modes  as  conventional  moving  source  systems. 
The  target  material  is  tungsten  in  combination  with  a  1mm  Aluminum  filtration  from  the  x-ray 
window.  Additional  filters  and  collimators  can  be  installed  on  the  tube  housing. 
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Figure  1 .  Front  and  back  views  of  the  CNT  x-ray  source  array 
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1.3  System  integration:  After  the  x-ray  tube  is  delivered  to  UNC,  the  s-DBT  system  will 
be  assembled.  The  whole  system  will  be  housed  in  an  enclosure  with  x-ray  shielding  and 
safety  inter-locks.  (Months  16-17) 

This  specific  work  has  been  achieved. 

The  CNT  x-ray  source  array  was  mounted  on  the  rotating  gantry  of  the  Hologic  Selenia 


Dimensions  scanner  replacing  its 
mammography  x-ray  tube,  as 
illustrated  in  Figure  2.  A  mounting 
bracket  was  designed  to  connect 
the  source  array  with  the  gantry  and 
to  provide  multiple  degrees  of 
translational  and  rotational  freedom 
to  adjust  the  exact  location  and 
orientation  of  the  source  with 
respect  to  the  detector  plane.  The 
x-ray  source  array  was 
electronically  interfaced  with  the 
Selenia  detection  unit  which  sets 
the  number  of  views,  the  detector 
integration  time,  and  the  detector 
readout  time.  The  x-ray  source 
exposure  time  for  each  view  is 
controlled  by  the  x-ray  control  unit 
(XCU).  The  XCU  also  controls  the 
current  and  sequence  of  the  x-ray 
beams.  The  pulse  width  was 
programmed  equal  to  the  detector 
integration  time.  A  TTL  trigger 
signal  from  the  Selenia  detector  unit 
to  the  XCU  synchronizes  the  x-ray 
beam  activation  with  the  detector 
integration  and  readout.  The  XCU 
receives  a  separate  trigger  pulse 
from  the  detector  unit  for  each 
exposure.  During  the  scan 
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Figure  2:  (a).  The  specially  designed  CNT  source  array 
with  31  equal  angularly  spaced  x-ray  sources  mounted 
on  the  gantry  of  the  Hologic  Selenia  Dimension 
tomosynthesis  scanner,  replacing  the  regular  rotating 
anode  mammography  x-ray  tube.  <b).  Pulsing  sequence 
from  one  scan  with  15  views  (bottom).The  upper  pulse 
tram  is  the  TTL  signal  from  the  detector.  The  rising  edge 
is  used  for  triggering.  The  lower  pulse  train  is  the  x-ray 
tube  current. 
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sequence  the  XCU  regulates  the  extraction  voltage  lor  the  CNT  cathodes  to  provide  the 
programmed  emission  current  value  lor  each  source. 

Figure  2  short’s  an  example  Irom  one  tomosynthesis  scan.  The  detector  sent  a  TTL 
pulse  train  signal  where  each  pulse  corresponds  to  one  detector  Irame  with  pre-set  integration 
and  readout  time.  The  nsing  edge  ol  each  pulse  triggers  exposure  Irom  one  corresponding  x-ray 
source  where  the  x-ray  pulse  width  is  programmed  to  be  the  same  as  the  detector  integration 
time.  The  amplitude  ol  the  CNT  cathode  current,  therelore  the  x-ray  tube  current,  is  regulated 
by  the  XCU  which  automatically  varies  the  extraction  voltage  applied  to  achieve  the  targeted 
value  which  can  either  be  the  same  lor  each  source  or  vanes  in  a  pre-programmed  pattern. 

Task  2  Evaluate  the  system  performance  using  phantoms  and  compare  the  new 

system  with  commercial  prototype  DBT  scanners  (Months  18-28) 

The  aim  is  to  compare  the  new  developed  s-DBT  scanner  with  the  original  Hologic  Selenia 
Dimensions  scanner  in  terms  ol  local  spot  size,  modulation  transfer  lunction.  and  image  quality 
using  standard  phantoms.  The  following  specific  works  have  been  carried  out  in  year  two: 

2.1  Fully  calibrate  the  performance  of  the  MBFEX  source:  a).The  energy  distribution  of 
the  MBFEX  source;  b(.The  tube  current  as  a  function  of  time  at  different  gate  voltages; 
c). Detect  the  generated  x-ray  radiation  and  test  the  electronics  circuit;  d).  Measure  the  x- 
ray  focal  spot  size  following  the  industrial  standard.  Any  pixel-to-pixel  variation  in  the 
focal  spot  size  will  be  corrected  by  varying  the  potential  of  the  focusing  electrodes; 
eJ.Find  the  spatial  resolution  of  the  system  using  the  modulation  transfer  function  (MTF) 
phantom;  f).Geometry  calibration  will  be  performed  based  on  identification  of  ellipse 
parameters;  g).Dose  measurements  will  be  supervised  by  our  collaborator  Pisano  in  the 
department  of  Radiology  at  UNC.  (Months  18-22) 

These  specific  tasks  have  been  achieved. 

a)  The  energy  distribution  of  the  MBFEX  source 

X-ray  intensity  distribution  was  measured  at  28kVp.  10  mAs.  70cm  source  to  detector 
distance.  No  additional  litter  was  used  except  the  1mm  thick  AJ  window.  The  line  profiles  ol 
intensity  values  in  the  region  of  interest  on  the  detector  were  plotted. 

Figure  3  shows  the  x-ray  intensity  within  the  130mmx90mm  region  ol  interest  (ROI) 
recorded  on  the  detector  (2x2  binning)  using  the  center  x-ray  beam.  The  x-ray  intensity  variation 
lor  the  horizontal  line  is  5%  and  4%  in  the  vertical  direction.  The  same  measurement  was 
performed  for  al  31  x-ray  beams.  The  percentage  variation  ol  intensity  is  4%-  9%  lor  all  31  x-ray 
beams.  The  variation  is  larger  outside  ol  the  ROI. 
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Figure  3:  (a)  The  x-ray  intensity  from  the 
center  x-ray  beam  recorded  within  the 
region  of  interest  on  the  detector,  (b) 
intensity  value  alone  the  horizontal  axis,  (c) 
intensity  value  along  the  vertical  axis 


b)  The  tube  current  as  a  function  of  time  at  different  gate  voltages 

Several  factors  considered  in  designing  the  CNT  cathode  include  the  targeted  focal  spot 
size,  the  demagnification  factor  of  the  electrostatic  lens,  the  anode  tilting  angle,  and  the 
maximum  stable  emission  current  density  of  the  CNT  emitters.  The  aim  of  the  present  study  is 
to  have  an  isotropic  focal  spot  size  of  -0.6mmx0.6mm  FWHM  which  will  provide  a  significant 
improvement  in  the  spatial  resolution  along  the  scanning  direction  while  maintaining  a 
comparable  value  in  the  direction  orthogonal  to  motion.  The  basic  structure  of  each  x-ray  unit 
(source)  consists  of  a  CNT  cathode,  a  gate  electrode  to  extract  electrons,  electron  focusing 
lens,  and  the  anode.  To  focus  the  field  emitted  electron  beam  the  modified  Einzel-lype 
electrostatic  lens  described  in  our  previous  publications  was  utilized. 

The  emission  current  from  the  CNT  cathode  was  evaluated  using  anticipated  operating 
conditions  before  the  x-ray  tube  was  manufactured  with  use  of  a  vacuum  chamber  based  test 
module  housing  3  x-ray  sources.  The  test  module  has  a  similar  structure  as  the  designed  tube, 
with  each  source  consisting  of  a  CNT  cathode,  an  extraction  gate,  focusing  lens,  and  a  W 
anode.  Accelerated  lifetime  measurements  were  performed  under  the  pulse  mode  with  variable 
pulse  width  and  duty  cycle.  Each  pulse  corresponds  to  one  x-ray  exposure.  Long  term  stability 
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was  tested  for  250ms  and  183ms  pulses.  During  the  measurement  the  extraction  electrical  field 
was  automatically  adjusted  to  maintain  a  constant  current. 

Figure  4  shows  the  stability  of  the  CNT  cathode  measured  in  two  different  conditions.  At 
27mA  tube  current  and  250ms  pulse  width  the  CNT  cathode  showed  essentially  no  degradation 
during  the  entire  8000  minutes  of  measurement  at  5%  duty  cycle,  which  equals  to  400  minutes 
of  total  x-ray  beam-on  time,  or  -100.000  tomosynthesis  scans  (15  view  and  lOOmAs  per  scan) 
which  is  estimated  to  be  over  3  years  in  service  lifetime  (-60  patients  per  day.  2  tomosynthesis 
scan  per  patient.  250  working  days  per  year).  The  second  test  was  performed  at  38mA  and 
183ms  pulse  width.  In  this  case  the  focal  spot  size  was  larger  than  0.6mm  x  0.6mm.  During  the 
-5000minutes  of  measurement  at  0.6%  duty  cycle  a  small  increase  of  the  extraction  voltage 
was  observed  (-8V  per  1000  tomosynthesis  scans).  These  two  current  waveforms  were 
selected  for  the  long  term  stability  test  because  each  pulse  provided  the  dose  for  one  projection 
view  of  a  15  view.  lOOmAs  tomosynthesis  scan.  The  present  source  array  is  designed  to  allow 
-1000V  increase  of  the  extraction  voltage  without  affecting  the  x-ray  output  power  which  means 


the  actual  service  lifetime  could  be  much  longer  than  this. 
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Figure  4:  (a).  The  graph  shows  lifetime  measurement  performed  at  27mA  tube 
current.  250ms  pulse  width,  and  5%  duty  cycle.  The  insert  shows  one  current  pulse, 
(b).  The  graph  shows  data  at  38mA  tube  current.  183ms  pulse  width.  0.6%  duty 
cycle.  The  extraction  voltage  was  adjusted  automatically  to  maintain  constant  tube 
current. 


c)  Detect  the  generated  x-ray  radiation  and  test  the  electronics  circuit; 


The  stable  emission  current  from  the  CNT  cathode  and  the  cathode  to  cathode  consistency 
under  the  anode  thermal  management  allowed  current  level  were  also  investigated.  Figure  5 
plots  the  extraction  voltage  needed  to  obtain  27mA  tube  current  from  all  31  x-ray  sources.  The 
difference  between  the  lowest  and  the  highest  extraction  voltages  is  about  400V  before  any 
compensation  or  use  of  a  ballast  resistor.  The  XCU  automatically  adjusts  the  gate-cathode 
voltage  to  provide  the  programmed  mA  value.  Figure  5  shows  an  example  of  the  output  current 
from  the  central  15  of  the  31  x-ray  sources.  The  amplitude  of  the  lube  current  is  controlled  by  a 
dedicated  XCU  which  automatically  varies  the  extraction  voltage  applied  to  achieve  the  targeted 
value  which  can  either  be  the  same  for  each  source  or  varies  in  a  pre-programmed  pattern. 
Figure  6  shows  the  system  electronics  setup. 
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Figure5:  (a).  Variation  in  the  extraction  voltages  needed  to  obtain  27mA  tube 
current  from  each  CNT  cathode  in  the  x-ray  source  array  before  any 
compensation.  The  average  value  is  about  1.4kV.  (b).  Tube  current  from  each  of 
the  central  15  sources.  The  XCU  automatically  adjust  the  extraction  voltage  to 
achieve  the  required  current. 
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d)  Measure  the  x-ray  focal  spot  size  following  the  industrial  standard.  Any  pixel-to-pixel 
variation  in  the  focal  spot  size  will  be  corrected  by  varying  the  potential  of  the 
focusing  electrodes 


The  effective  focal 
spot  sizes  of  the  x- 
ray  sources  in  the 
array  were 

measured 
following  the  IEC 
standard  using  a 
gold-platinum  pin¬ 
hole  phantom, 
which  is  100  pm  in 
diameter  and  500 
pm  in  length  and 
has  a  12'  opening 
angle.  The 

electrical  potentials 
applied  to  the  two 
focusing 

electrodes  in  the  Einzel  lens  we  re  adjusted  to  obtain  the  minimum  focal  spot  size.  The  same 
focusing  voltages  were  used  for  all  31  sources.  The  measurement  was  performed  at  35kVp 
anode  voltage  for  all  31  sources. 
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I  igurc  1:  (a).  Experimentally  measured  focal  spot  sizes  (FWMM)ofall  31 
sources  in  the  x-ray  source  array,  (b).  Pinhole  image  of  the  central  beam 
(left)  and  Gaussian  fitting  curves  for  intensity  profiles  along  the  x  and  y 
axes,  from  which  the  FWHM  is  extracted.  A  gold-platinum  pin-hole  with 
12°  opening  angle,  lOUum  diameter,  and  500  um  length  was  used  for  the 
measurement. 


Figure  1  shews  the  measured  focal  spot  sizes  of  all  31  x-ray  sources  of  the  CNT  x-ray 
source  array.  Detailed  data  from  the  central  beam  is  also  shown  in  Figure  1.  The  average  focal 
spot  size  is  0.64±0.04mm  x  0.61  ±0.05  mm  (width  x  length)  at  FWHM.  The  width  direction  is 
defined  as  being  parallel  to  the  x-ray  source  array  orientation  (scanning  direction).  The 
maximum  focal  spot  size  in  both  width  and  length  direction  is  about  0.7  mm  and  the  smallest 
dimension  is  around  0.5  mm. 

e)  Find  the  spatial  resolution  of  the  system  using  the  modulation  transfer  function 
(MTF)  phantom 

The  modulation  transfer  function  (MTF)  of  the  s-DBT  scanner  was  measured  using  a 
homemade  phantom  consisting  of  a  50  pm  diameter  W  wire.  The  phantom  was  mounted  on  the 
movable  breast  compression  paddle  of  the  Hologic  scanner.  The  distance  between  the  phantom 
and  the  surface  of  detector  can  be  read  from  the  compression  paddle  s  digital  indicator.  The 
wire  has  a  2"  angle  with  regards  to  the  detector  axis,  allowing  oversampling  of  the  line  spread 
function.  The  Selenium  direct  conversion  detector  was  operated  in  2x2  binning  mode  with 
140um  x  140um  effective  pixel  size. 

Projection  images  of  the  MTF  wire  phantom  were  acquired  using  28  kVp  anode  voltage. 
6.67  mAs  dose  per  view.the  15-view.  14  degree  angular  coverage  mode  at  a  magnification 
factor  of  1.08  (4.4cm  thickness).  Figure  8  plots  the  measured  MTF  from  source  N7  (#7  source 
on  the  left).  0  (central  source)  and  P7  (#7  source  on  the  right)  in  the  s-DBT  system.  For 
comparison  the  corresponding  projection  MTF's  from  the  rotating  gantry  system  measured  at 
viewing  angle  of  -7.  0  and  7  degrees  are  also  shown  on  the  same  figure.  The  spatial  resolutions 
for  the  rotating  gantry  scanner,  measured  at  10%  MTF.  are  4  cycles/mm  along  the  scanning 
direction  and  5.4  cycles/mm  perpendicular  to  the  scanning  direction.  These  results  are 
consistent  with  the  calculated  values  using  the  known  system  parameters  (focus  spot  size, 
detector  pixel  size  and  SOD).  For  the  s-DBT  system,  the  measured  MTF  s  for  the  central  source 
(#0)  are  5.1  cycles/mm  along  the  scanning  direction  and  5.2  cycles/mm  perpendicular  to  the 
scanning  direction.  The  MTF  degrades  slightly  for  the  off-center  x-ray  beams.  For  example,  for 
x-ray  beams  N7  and  P7.  the  MTF  is  5  cycles/mm  along  the  scanning  direction.  The  small 
vanation  in  MTF  for  different  x-ray  beams  can  be  attributed  to  the  projection  angle  of  the  x-ray 
beam  on  the  detector  screen.  The  system  MTF  obtained  using  the  reconstructed  in-focused 
slice  for  the  two  system  configurations  are  plotted  in  Figure  8.  The  slice  thickness  is  1mm.  The 
10%  system  MTF  is  -1  cycles/mm  lower  than  the  projection  MTF  for  the  same  system.  This  is 
attributed  to  the  reconstruction  process  and  the  z-axis  offset.  When  a  reconstructed  slice  does 
not  intersect  the  object  exactly  (z-axis  offset)  the  object  will  be  blurred.  It  has  been  reported  that 
with  0.5mm  z-offset  the  system  MTF  can  be  degraded  by  as  much  as  1.5  cycles/mm. 
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f)  Geometry  calibration  will  be  performed  based  on  identification  of  ellipse  parameters 


The  CNT  x-ray  tube  was  mounted  on  the  rotating  gantry  o(  the  Hologic  Selema  Dimension 
scanner  replacing  its  regular  rotating  anode  mammography  x-ray  tube,  as  illustrated  in  Figure  2 
A  mounting  bracket  was  designed  to  connect  the  source  array  with  the  gantry  and  to  provide 


Figure  9.  Led  Two  geometry  alignment  phantoms,  one  is  put  on  the  surface  of  the  detector,  the 
other  one  is  mounted  on  the  moving  stage  which  is  used  to  adjust  height  of  the  compression 
paddle.  Right:  The  x-ray  source  was  turned  on  symmetrically,  when  the  patterns  on  the  top 
phantom  symmetrically  aligned  with  the  scales  on  the  bottom  phantom  the  well  alignment 
between  the  source  and  the  detector  was  achieved. 


multiple  degrees  of  trans 


|Bl '  II  <  i*  \ 

1  r.  i  IIIH  ■!  Illll  1 1 

1 

IE 

source  with  respects  to  the  detector  plane.  A  pair  of  geometry  alignment  phantoms  were  used  to 


align  the  source  and  the  detector.  One  phantom  was  put  on  the  surface  of  the  detector,  the 
other  one  was  mounted  on  the  moving  stage  which  is  used  to  adjust  height  of  the  compression 
paddle,  as  shown  in  Figure  9.  The  x-ray  source  was  turned  on  symmetrically,  when  the  patterns 
on  the  top  phantom  symmetrically  aligned  wth  the  scales  on  the  bottom  phantom  the  well 


1 1 


alignment  between  the  source  and  the  detector  was  achieved.  Repeat  the  procedure  with 
moving  stage  was  at  different  heights  to  confirm  the  well  alignment. 

A  regular  geometric  calibration  was  carried  out  using  a  tomosynthesis  scan  of  a  Hologic 
Geometric  Calibration  Phantom.  It  contains  44  marker  balls  placed  on  two  planes.  Projection 
matrices  were  computed  for  all  31  views  using  a  simple  geometry  calculation.  As  a  result  of 
geometric  calibration,  projection  matrix  was  computed  for  each  projection  view.  It  was  based  on 
input  data  including  both  marker  coordinates  in  3D  object  space  and  projected  pixels  on  the  2D 
detector.  These  data  usually  contain  errors  due  to  phantom  fabrication,  marker  position 
measurement,  and  2D  projection  detection.  Calibration  sensitivity  analysis  was  carried  out  by 
adding  uncertainties  in  input  data  before  projection  matnx  computation. 


Figure  10.  Left:  A  picture  of  the  Hologic  geometric  calibration  phantom  used  in  this 
study.  Forty  four  markers  are  positioned  on  two  planes  separated  by  76.2  mm.  They 
have  a  3D  coverage  of  about  15x15x7.6  cm.  Right  X-ray  projection  image  of  the 
phantom  using  the  central  beam.  From  the  bottom  of  the  image,  markers  in  rows  1,  3. 
5,  7.  and  9  are  on  the  bottom  plane  and  markers  in  rows  2,  4.  6.  and  8  are  on  the  top 


g)  Dose  measurements 

The  quality  of  tomosynthesis  images  can  depend  on  many  factors  such  as  the  angular  span 
of  the  projection  images,  the  number  of  projection  views,  the  total  dose  and  dose  distribution, 
the  detector  resolution  and  sensitivity,  and  the  reconstruction  algonthm.  Here  we  concentrate  on 
dose  The  same  reconstruction  method  and  detector  was  used  for  all  imaging  configuration. 

Four  groups  of  comparison  studies  were  done:  (1)  For  a  fixed  dose  of  lOOmAs  and  15 
projection  views,  we  compare  the  angular  span  of  14"  versus  28";  (2)  For  a  fixed  dose  of 
lOOmAs  and  an  angular  span  of  28".  we  compare  15  versus  29  projection  views:  (3)  For  a  fixed 
total  dose  of  lOOmAs  and  angular  span  of  28“  and  29  projection  views,  we  compare  three 
different  dose  distributions;  (4)  For  a  fixed  angular  span  of  28"  and  29  projection  views,  we  vary 
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the  total  dose  from  60mAs  to  120mAs.  All  configurations  and  calculated  MTF  results  are  listed 
in  Table  1. 


racie  1.  Calculated  results  tor  MTF  using  different  dose  distribution.  Data  is  separated  mio  the 
four  groups  of  configurations.  The  conf^jraton  with  29  projection  views,  a  28'  angular  span, 
and  an  even  dose  distribution  resulted  in  the  highest  MTF  value. 


SB 

Total  Dose 
(mAs) 

Dose  Distribution 

MTF 

(Ip&'mm) 

1 

15 

14- 

*03 

4.12 

1 

15 

28" 

100 

1  III  III  B^^^M  ■ 

4.13 

2 

15 

28' 

100 

Equal  dose 

4.13 

2 

29 

28' 

100 

Equal  dose 

4.22 

■■BHB 

3 

29 

28 

100 

Equal  dose 

4.22 

3 

29 

28' 

"T5o 

4.2 

3 

29 

28" 

100 

TR 

4 

29 

28' 

60 

Equal  dose 

4.28 

4 

29 

28" 

80 

Equal  dose 

4.25 

4 

29 

28" 

100 

Equal  dose 

4.22 

4 

29 

28" 

120 

4.21 

2.2  Characterize  the  system  performance  using  phantoms:  a).  Standard  breast  tissue- 
equivalent  phantom  will  be  used  to  mimic  breast  tissues  and  lesions  to  evaluate  the 
system  performance;  b).  Reconstructed  phantom  image  quality  will  be  compared  with 
previous  published  results  of  commercial  DBT  prototype  scanners.  (Months  23-28) 

These  specific  tasks  have  been  achieved. 

Projection  images  of  a  tissue-equivalent  breast  phantom  (Model  013.  CIRS.  Inc.)  were 
collected  using  the  s-DBT  scanner  and  the  conventional  Hologic  scanner.  The  CIRS  phantom  is 
shaped  to  represent  a  partially  compressed  breast  about  5cm  in  thickness.  Embedded  within 
the  CIRS  phantom  are  randomly  positioned  solid  masses  and  two  MC  clusters  placed  in  the 
center  layer.  The  projection  images  were  then  reconstructed  using  the  back  projection  (BP) 
method  and  the  calculated  geometry  parameters,  yielded  50  slices  through  the  phantom.  The 
slice  thickness  was  1mm.  The  images  were  collected  using  the  following  parameters:  15  views 
over  14  degrees.  28  kVp  anode  voltage,  and  a  total  dose  of  lOOmAs  (6.67  mAs  per  view). 

The  first  row  in  Figure  1 1  shows  three  reconstructed  slices  of  the  biopsy  breast  phantom 
at  depths  of  1.  2.5.  and  4  cm  from  the  top  using  s-DBT  data.  The  second  row  shows  the 
zoomed-in  view  of  the  circled  region  with  MC's.  The  diameters  of  the  micro-calcifications  are  in 
the  range  of  0.2-0.5  mm.  The  third  row  shows  three  reconstructed  slices  of  the  biopsy  breast 
phantom  at  depths  of  1.  2.5.  and  4  cm  from  the  top  using  Hologic  scanner  data.  The  forth  row 
shows  the  zoomed-in  view  of  the  circled  region  with  MC's.  To  differentiate  these  two  sets  of 
data,  different  window,1 level  direction  was  used. 
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Figure  11.  First  row.  Fifteen  projection  images  of  the  biopsy  breast  phantom 
obtained  ( rom  the  s-DBT  scanner  were  reconstructed  using  BP  algonthm  to  yield 
50  slices  through  the  phantom,  three  o(  which  are  shown  in  the  first  row  at  depths 
of  1.  2.5.  and  4  cm  from  the  top  surface.  Second  row:  The  zoomed-in  views  of 
the  circled  regions.  The  diameters  of  these  micro-calcifications  are  in  the  range  of 
0.2-0. 5  mm.  Third  row  Three  reconstructed  slices  of  the  biopsy  breast  phantom 
at  depths  of  1.  2.5.  and  4  cm  from  the  top  using  Hologic  scanner  data.  Forth  row. 
The  zoomed-in  view  of  the  circled  region.  To  differentiate  these  two  sets  of  data, 
different  window/level  direction  was  used. 


Z3  A  detailed  comparison  of  the  system  performance  between  the  new  s-DBT  scanner 
and  the  commercial  prototypes  will  be  carried  out.  (Months  23-28) 

These  specific  tasks  have  been  achieved. 

Projection  images  of  the  MTF  wire  phantom  were  acquired  using  28  kVp  anode  voltage. 
6.67  mAs  dose  per  view.the  15-view.  14  degree  angular  coverage  mode  at  a  magnification 
factor  of  1.08  (4.4cm  thickness).  The  measured  MTF  from  source  N7  (#7  source  on  the  left).  0 
(central  source)  and  P7  (#7  source  on  the  right)  in  the  s-DBT  system  is  plotted  in  Figure  8.  For 
companson  the  corresponding  projection  MTF's  from  the  Hologic  scanner  measured  at  viewing 
angle  of  -7.  0  and  7  degrees  are  also  shown  on  the  same  figure. 
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Projection  images  ol  an  ACR  Gammex  156  Mammographic  Accreditation  phantom  were 
collected  using  the  s-DBT  scanner  and  commercial  Hologic  scanner.  The  ACR  phantom 
simulates  the  x-ray  attenuation  of  a  4.2  cm  slab  of  compressed  human  breast  composed  ol  50% 
adipose  tissue  and  50%  glandular  tissue.  Target  objects  in  ACR  phantom  are  6  nylon  fibrils.  5 
simulated  micro-calcilication  specs  and  5  masses.  All  of  them  are  of  known  size,  shape,  and 
density.  The  projection  images  were  then  reconstructed  using  the  back  projection  (BP)  method 
and  the  calculated  geometry  parameters,  yielded  50  slices  through  the  phantom.  The  slice 
thickness  was  1mm.  The  images  were  collected  using  the  following  parameters:  15  views  over 
14  degrees.  28  kVp  anode  voltage,  and  a  total  dose  of  lOOmAs  (6.67  mAs  per  view). 

The  layout  of  target  objects  in  Gammex  156  ACR  phantom  is  shown  in  Figure  12.  For 
comparison,  the  first  ro w  (a)  and  the  second  row  (b)  in  Figure  12  show  a  focused  slice  of  the 
ACR  phantom  reconstructed  using  the  data  collected  from  the  s-DBT  and  the  DBT  system, 
respectively.  The  three  images  from  left  to  right  in  each  row  are  the  zoomed-in  view  of  the 
central  MC  of  the  MC  Clusters  #7.  8.  and  9.  respectively.  The  diameters  of  these  3  MC's  are 
0.54mm.  0.4mm.  and  0.32mm.  respectively.  The  same  magnification  factor  and  the 
window/level  are  used  in  displaying  the  two  sets  of  data.  Qualitatively  the  images  in  the  first  row 
collected  using  the  s-DBT  system  is  clearer. 
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Figure  12.  The  layout  of  target  objects  in  Gammex  156  ACR  phantom  is 
shown,  (a).  The  first  row  shows  the  focused  slice  of  the  phantom 
reconstructed  using  the  s-DBT  projection  data.  (b).  The  second  row  shows 
the  focused  slice  of  the  phantom  reconstructed  using  the  Hologic  DBT 
projection  data.  The  three  images  from  left  to  right  in  each  ro w  are  the 
zoomed-in  view  of  the  central  MC  of  the  MC  Clusters  #7.  8.  and  9. 
respectively.  The  diameters  of  these  3  MC's  are  0.54mm.  0.4mm.  and 
0.32mm.  respectively.  The  same  magnification  factor  and  the  window; level 
are  used  in  displaying  the  two  sets  of  data. 
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Key  Research  Accomplishments 


The  motivation  ol  this  research  project  was  to  improve  the  spatial  resolution  and  the 
scanning  speed  of  the  current  tomosynthesis  technology.  We  successfully  constructed  an  s- 
DBT  system  by  replacing  the  regular  mammography  x-ray  lube  used  in  the  Hologic  Selenia 
Dimension  scanner  with  a  spatially  distributed  stationary  CNT  x-ray  source  anay.  The  s-DBT 
system  is  shown  to  have  improved  the  spatial  resolution  and  the  scanning  speed  compare  with 
DBT  tube  to  complete  elimination  of  the  source  motion  blurnng.  Although  the  nominal  focal  spot 
size  of  the  mammography  x-ray  tube  used  in  the  DBT  scanner  is  slightly  smaller  than  that  of  the 
present  CNT  x-ray  source,  the  motion  blurring  is  substantial  dunng  x-ray  exposure  which 
degrades  the  image  quality.  In  this  study  using  the  standard  imaging  protocol  of  15  views  over 
14  degrees,  a  25%  improvement  in  in-plane  spatial  resolution  achieved  in  the  s-DBT  design,  as 
shown  in  Figure  8.  The  improvement  is  expected  to  be  more  pronounced  for  a  wider  angular 
coverage  which  is  often  preferred  for  better  image  reconstruction  but  is  difficult  to  achieve  with 
the  rotating  gantry  design  in  high  speed  without  significantly  degrading  the  image  quality.  For 
the  s-DBT  scanner,  since  no  mechanical  motion  is  required  to  collect  the  multiple  projection 
views,  the  spatial  resolubon  is  independent  of  the  angular  coverage.  For  example  the  10% 
system  MTF  will  remain  at  -4.0  cyc)os/mm  when  the  angular  coverage  is  increased  from  14 
degrees  to  30  degrees  while  all  other  parameters  remain  the  same  for  the  s-DBT  scanner,  as 
shown  in  Table  2. 

To  minimize  the  effect  of  patient  movement  on  the  image  quality,  it  is  desired  to  keep  total 
scanner  time  as  short  as  possible.  The  tomosynthesis  scanning  time  Tva„  of  s-DBT  is 
determined  by  the  detector  readout  time  A J.caff0„r  and  the  number  of  projection  views 
but  is  independent  of  the  angular  coverage.  It  can  be  expressed  as: 
Tuan  =  NrlJU.  x  (Ar^  +  )•  The  exposure  time  per  view  Ar^is  set  to  be  the  same 

as  the  detector  integration  time,  and  is  a  direct  function  of  the  total  imaging  dose  (D.  in  mAs) 
required.  N.»».  and  the  x-ray  tube  current  I  (In  mA)  as:  Ar,,.,  =  D/(.Vlls„  x  /).  At  38mA  tube 
current  Artipis  ISO  ms  for  a  15-view  and  lOOmAs  scan.  This  translates  to  a  total  scan  time  of 
6.3s  with  current  detector  readout  time  of  Ar|||i[|f(l||[  =  240ms.  regardless  of  the  angular 
coverage.  On  the  other  hand,  the  scanning  time  of  DBT  depends  on  the  scanning  angle.  The 
current  Hologic  Selenia  Dimension  scanner  takes  3.7s  for  a  lOOmAs  and  15-view  scan  at  14 
degree  coverage.  If  the  angular  coverage  is  increased  the  same  scan  will  take  longer  to 
maintain  the  same  spatial  in-plane  resolution.  The  scanning  time  of  the  s-DBT  can  be  reduced 
by  increasing  the  detector  speed  or/and  increasing  the  x-ray  tube  current.  With  advancement  of 
the  detector  technology  flat  panel  detectors  with  higher  frame  rates  can  potentially  be  available 
in  the  future. 
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Initial  phantom  studies  demonstrate  the  capability  of  the  prototype  s-DBT  system  to 
provide  higher  quality  images,  as  shown  in  Figure  12. 


Table  2:  The  spatial  resolution  and  scanning  tune  of  the  s-DBT  system  for  different 
imaging  protocols 

14°.15v*ew. 
lOOmAs  scan 

Scan  time 

6.3s 

Source  motion  blur 

0 

10%  system  MTF 

4.12  cycies/mm 

30*.  15  view,  lOOmAs 

scan 

Source  motion  blur 

0 

Scan  time 

6.3s 

10%  system  MTF 

4.13  cycles/mm 

30’.  31view. 
lOOmAs  scan 

Source  motion  blur 

0 

Scan  time 

10.1s 

10%  system  MTF 

4.2  cycies/mm 

Note:  The  numbers  for  the  14  .  15  view  and  lOOmAs  scan  were  experimentally 
measured.  The  rest  was  calculated  using  28kVp  anode  voltage.  37mA  tube  current 
240ms  detector  readout.  140umx14(Xim  detector  pixel 
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Reportable  Outcomes 


Works  for  year  two  resulted  in  some  research  publications  which  include: 

Journal  Articles  and  Proceedings: 

1.  X.  Qian.  JP.  Lu.  O.  Zhou.  High  Resolution  Stationary  Digital  Breast  Tomosynthesis  Using 
Distributed  Carbon  Nanotube  X-Ray  Source  Array.  Medical  Physics.  Vol.39.  Issue.  4.  April 
2012 

2.  X.  Qian.  F.  Sprenger.  O.  Zhou.  A  Stationary  Digital  Tomosynthesis  Scanner.  ID 0  1383-185. 
SPIE  Medical  Imaging  2012.  San  Diego.  CA.  February  2012 

3.  A.  Tucker.  X.  Qian.  O.  Zhou.  Optimizing  configuration  parameters  of  a  stationary  digital 
breast  tomosynthesis  system  based  on  carbon  nanotube  X-ray  sources.  IDO  1383-6.  SPIE 
f/edical  Imaging  2012.  San  Diego.  CA.  February  2012 


Presentations: 

4.  X.  Qian.  A.  Tucker.  O.  Zhou,  etc.:  Stationary  Digital  Tomosynthesis  System  for  Early 
Detection  of  Breast  Tumors.  IDO  2676.  Era  of  Hope  201 1.  Congressional^  Directed  Medical 
Research  Programs.  Orlando.  FL  August  2011 

5.  X.  Qian.  G.  Yang.  O.  Zhou.  A  Spatially  Distributed  X-ray  Source  Array  for  High  Resolution 
Digital  Tomosynthesis  System.  Carolina  Center  of  Cancer  Nanotechnology  Excellence 
( CCCNE )  and  National  Cancer  Institute  (NCI)  symposium.  June  201 1 
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Conclusion 


Year  2:  (May  201 1  -  April  2012):  All  aims  have  been  achieved. 

•  Completion  ol  construction  ot  the  MBFEX  source  and  x-ray  tube 

•  Completion  of  the  s-DBT  system  integration 

•  Completion  of  the  s-DBT  system  performance  calibration 

•  The  image  quality  using  standard  phantom  has  been  characterized  using  the  s-DBT  scanner 
data.  The  reconstructed  images  using  both  s-DBT  scanner  and  Hologic  scanner  have  been 
compared. 

•  A  detailed  comparison  of  the  system  performance  between  the  s-DBT  scanner  and  the 
commercial  prototype.  Hologic  Selenia  scanner  has  been  carried  out  using  ACR  phantom 
and  MTF  phantom. 
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Purpose:  The  purpose  of  this  study  is  to  investigate  the  feasibility  of  increasing  the  system 
35  spatial  resolution  and  scanning  speed  of  the  cunent  Hologic  Sclcnia  Dimensions  rotating  gantry 
digital  breast  tomosynthesis  (DBT)  scanner  by  replacing  the  regular  mammography  x-ray  tube 
with  a  specially  designed  carbon  nanotube  (CNT)  x-ray  source  array  which  generates  all  the 
projection  images  needed  for  tomosynthesis  reconstruction  by  electronically  activating 
individual  x-ray  sources  without  any  mechanical  motion.  The  stationary  digital  breast 
40  tomosynthesis  (s-DBT)  design  aims  to  (i)  increase  the  system  spatial  resolution  by  eliminating 
image  blurring  due  to  x-ray  tube  motion  and  (ii)  reduce  the  scanning  time.  Low  spatial  resolution 
and  long  scanning  time  arc  the  two  main  technical  limitations  of  the  current  DBT  technology. 

Methods:  A  CNT  x-ray  source  array  was  designed  and  evaluated  against  a  set  of  targeted  system 
45  performance  parameters.  Simulations  were  performed  to  determine  the  maximum  anode  heat 
load  at  the  desired  focal  spot  size  and  to  design  the  electron  focusing  optics.  Field  emission 
current  from  CNT  cathode  was  measured  for  an  extended  period  of  time  to  determine  the  stable 
life  time  of  CNT  cathode  for  an  expected  clinical  operation  scenario.  'Ihc  source  array  was 
manufactured,  tested  and  integrated  with  a  Sclcnia  scanner.  An  electronic  control  unit  was 
50  developed  to  interlace  the  source  array  with  the  detection  system  and  to  scan  and  regulate  x-ray 
beams.  The  performance  of  the  s-DBT  system  was  evaluated  using  physical  phantoms. 

Results:  The  spatially  distributed  CNT  x-ray  source  arTay  is  comprised  of  31  individually 
addressable  x-ray  sources  covering  30°  angular  span  with  1“  pitch  and  an  isotropic  focal  spot  size 
55  of  0.6mm  at  full-width-half-maximum.  Stable  operation  at  28kVp  anode  voltage  and  38mA  tube 
current  was  demonstrated  with  extended  lifetime  and  good  source-to-source  consistency.  For  the 
standard  imaging  protocol  of  15  views.  14  degree.  1 00m As  dose,  and  2x2  detector  binning  the 
projection  resolution  along  the  scanning  direction  is  increased  from  4.0  cyclex/mm  (at  10% 
modulation-transfcr-function  (MTF))  in  DBT  to  5.1  cyrles/mni  in  s-DBT  at  magnification  factor 
60  of  1.08.  'Ihe  improvement  is  more  pronounced  for  faster  scanning  speed,  wider  angular 
coverage,  and  smaller  detector  pixel  size.  The  scanning  speed  depends  on  the  detector,  the 
number  of  views,  and  the  imaging  dose.  With  240ms  detector  readout  time  the  s-DBT  system 
scanning  time  is  6.3s  for  a  15-vicw,  100m As  scan  regardless  of  the  angular  coverage.  Ihe 
scanning  speed  can  be  reduced  to  less  than  4s  when  detectors  become  faster.  Initial  phantom 
65  studies  showed  good  quality  reconstructed  images. 
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Conclusions:  A  prototype  s-DBT  scanner  has  been  developed  and  evaluated  by  retrofitting  the 
Selcnia  rotating  gantry  DBT  scanner  with  a  spatially  distnbuted  CNT  x-ray  source  array. 
Preliminary  results  show  that  it  improves  system  spatial  resolution  substantially  by  eliminating 
image  blurring  from  x-ray  focal  spot  motion.  The  scanner  speed  of  s-DBT  system  is  independent 
70  of  angular  coverage  and  can  be  increased  with  faster  detector  without  image  degration.  Ilic 
accelerated  lifetime  measurement  demonstrated  the  long  term  stability  of  CNT  x-ray  source  array 
with  typical  clinical  operation  lifetime  over  3  years. 

Keywords:  Breast  cancer,  digital  breast  tomosynthesis,  carbon  nanotube  x-ray,  s-DBT 
75 

1.  INTRODUCTION 

Breast  cancer  is  the  most  common  type  of  cancer  occurring  in  women.  Early  detection  is 
considered  as  the  best  hope  for  decreasing  the  mortality  rate  from  breast  cancer  (l-l). 
Mammography,  the  current  gold  standard  for  early  screening,  has  played  an  important  role  in 
SO  reducing  the  mortality  rate  in  the  last  decade  (5,  6).  However,  it  has  well  documented 
limitations  including  high  false  positive  and  false  negative  rates  [7.  S).  Digital  breast 
tomosynthesis  (DBT),  a  limited  angle  computed  tomography  technique,  has  shown  significant 
promises  in  addressing  these  limitations  (9,  10).  In  DBT  multiple  projection  images  are 
acquired  at  different  viewing  angles  and  reconstructed  into  a  3-D  dataset,  which  can  be  viewed  in 
85  thin  slices  w  ith  high  in-plane  resolution  that  do  not  suffer  from  tissue  overlap.  It  has  the  potential 
to  improve  the  effectiveness  of  early  breast  cancer  screening  at  a  similar  dose  and  comparable 
cost  as  the  lull-field  digital  mammography  (FFDM)  |11).  'Hie  first  commercial  DBF  scanner 
received  FDA  approval  in  early  2011.  Several  other  DBT  systems  from  different  vendors  are 
currently  under  clinical  trials  (12-16). 

90  Iherc  arc  however  two  important  limitations  of  the  current  DB  F  technology:  low  spatial 

resolution  and  long  scanning  time  comparing  to  FFDM.  Both  result  directly  from  the  limitations 
of  the  conventional  x-ray  tube  technology  where  x-ray  radiation  is  generated  from  a  single  focal 
spot  and  the  llux  is  constrained  by  the  anode  heat  load.  To  generate  the  projection  images 
needed  for  reconstruction  a  standard  mammography  tube  is  mounted  on  a  rotating  gantry  and 
95  moves  along  an  arc  above  the  partially  compressed  breast  over  a  certain  angular  range.  'Die 
scanning  speed  and  spatial  resolution  arc  interconnected  and  depend  on  factors  including  the 
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total  imaging  dose,  the  power  of  the  x-ray  tube,  the  angular  coverage,  and  the  number  of  views 
[13,  17).  Current  DBT  systems  arc  grouped  into  two  types.  In  the  step-and-shoot  mode  (such  as 
CiH  system)  the  source  needs  to  come  to  a  complete  stop  at  each  position  before  x-ray  exposure. 
100  llie  mechanical  instability  induced  by  acceleration  and  deceleration  of  the  source  limits  the 
speed  by  which  the  tube  can  be  moved  from  view  to  view  (IS).  In  the  continuous  motion  mode 
(such  as  Hologic  system)  the  x-ray  tube  moves  continuously  through  the  arc  during  the  scan.  The 
higher  the  scanning  speed,  the  larger  the  distance  the  x-ray  tube  travels  during  the  finite  x-ray 
exposure  time  window,  and  the  larger  the  x-ray  focal  spot  blurring  [19.  20).  The  amount  of  focal 
105  spot  blur  that  can  be  tolerated  limits  the  scanning  speed  and  the  angular  coverage. 

Image  blurring  due  to  both  source  and  patient  motion  is  a  major  factor  that  degrades  the 
spatial  resolution  of  DBT  and  its  sensitivity  for  small  micro-calcifications  (MC)  compared  to 
FFDM  [K)|.  Although  results  from  phantoms  (21.  22)  and  clinical  tests  [23)  have  shown  a  higher 
sensitivity  for  mass  compared  to  mammography,  DBT  by  itself  is  often  inferior  to  diagnostic 
1 10  mammography  in  characterization  of  MC  [17).  which  is  critical  for  diagnosis  of  cancer  [24-26). 
Yhc  Hologic  Sclcma  Dimension  DBT  scanner  was  recently  approved  by  FDA  [27)  to  operate  in 
the  combo  mode  requiring  acquisition  of  both  2D  mammography  and  3D  tomosynthesis  images 
for  each  patient  to  achieve  good  MC  and  mass  detection.  This  however  increases  the  total 
imaging  dose  [12). 

1 15  To  address  the  limitations  of  the  current  DBT  technology,  we  recently  demonstrated  the 

concept  of  stationary  digital  breast  tomosynthesis  (s-DBT)  in  a  bench  top  system  using  a  vacuum 
chamber  based  CN  F  x-ray  source  array  [28).  Instead  of  mechanically  moving  a  single  x-ray  tube 
to  the  multiple  viewing  angles.  s-DBT  employs  a  stationary  x-ray  source  array  which  generates 
x-ray  beams  from  different  viewing  angles  by  electronically  activating  the  individual  sources 
120  (beams)  prc-positioncd  at  the  corresponding  viewing  angles  without  mechanical  moving  the  x- 
ray  tube,  therefore  eliminating  the  focal  spot  motion  blurnng  [29.  30).  The  scanning  speed  is 
determined  only  by  the  x-ray  tube  flux  (which  determines  the  exposure  time  per  view)  and  the 
detector  readout  time,  and  is  independent  of  angular  coverage.  Here  we  report  our  recent 
progress  in  further  developing  this  technology.  In  particular  we  investigated  the  feasibility  of 
125  improving  the  spatial  resolution  of  the  Hologic  Sclcnia  Dimensions  DB  F  scanner  by  replacing 
the  standard  mammography  x-ray  tube  with  a  specially  designed  distributed  CN  F  source  array. 
'Fhc  aim  is  to  increase  the  detection  sensitivity  of  tomosynthesis  for  MC*s  to  potentially 
eliminate  the  need  for  additional  2D  mammography  imaging.  We  further  evaluated  the 
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scanning  time  at  the  targeted  spatial  resolution  for  a  given  set  of  detector  readout  times.  The 
1 30  lifetime  and  consistency  of  the  CNT  x-ray  source  array  were  also  tested. 

2.  METHODS 

A  CNT  x-ray  source  array  was  designed  to  have  similar  imaging  configuration  to  the 
Selcnia  Dimensions'  except  the  sources  arc  arranged  in  a  straight  line  parallel  to  the  detector 
135  plane  rather  than  in  an  arc  [12J.  Finite  element  analysis  was  performed  to  determine  the 
maximum  x-ray  tube  current  at  the  targeted  focal  spot  size  and  power.  Electron  beam  optics 
simulations  were  earned  out  to  optimize  the  electron  focusing  optics  to  achieve  the  desired  focal 
spot  size.  Long  term  stability  and  consistency  of  the  CNT  cathodes  were  evaluated.  A  control 
electronics  system  was  integrated  to  scan  and  regulate  the  imaging  dose  from  each  beam  by 
140  compensating  the  driving  voltages  and  by  modulating  the  exposure  time  from  each  beam.  The  x- 
ray  source  array  was  mounted  on  the  gantry  of  the  Selcnia  Dimensions  scanner  replacing  its 
original  mammography  tube  and  was  electronically  integrated  with  the  detection  unit. 
Preliminary’  system  calibration  was  performed  using  phantoms. 

145  2.1  Overall  system  configuration  and  x-ray  source  design 

The  CNT  source  arTay  was  designed  to  provide  an  imaging  configuration  similar  to  the 
rotating  gantry  Selcnia  Dimensions  scanner  in  angular  coverage,  number  of  views,  and  sourcc- 
dctcctor-distancc.  as  shown  in  fable  1.  It  consists  of  31  sources  distributed  in  a  linear  array, 
inside  an  evacuated  stainless  steel  housing  w  ith  a  1mm  thick  Al  window  serving  as  the  vacuum 
150  barrier  and  energy  filter.  The  corresponding  31  x-ray  focal  spots  span  a  distance  of  370mm  from 
end  to  end  with  equal  angular  spacing  of  l  degree.  The  x-ray  beams  can  be  programmed 
individually  in  any  time  sequence  to  allow  various  imaging  configurations  including  15  views 
with  14U  coverage.  31  views  with  30°  coverage,  and  15  views  at  28°  coverage  at  the  sourcc- 
objcct-distancc  (SOD)  of  650mm.  The  x-ray  anode  is  tilted  16  degrees  and  the  entire  x-ray  tube 
155  is  rotated  6  degrees  as  illustrated  in  Figure  I.  The  x-ray  beams  arc  collimated  using  both  internal 
(inside  the  tube  housing)  and  external  collimators  to  ensure  that  x-ray  beam  from  each  focal  spot 
covers  the  whole  flat  panel  detector.  The  collimation  has  a  tolerance  of  2%  of  the  sourcc- 
imaging-planc  distance  (SID)  on  three  sides  of  the  detector  except  the  chest  wall  side,  where  the 
beam  edge  is  collimated  to  within  5mm  away  from  the  chest  wall  [31 ). 

160 
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Table  1 :  Specifications  of  the  s-DBT  system 

Number  of  views 

Up  to  3 1 

Angular  range 

Up  to  3tl  degrees 

Detector  FOV 

24x29cm 

Source-detector  distance 

700mm 

Angular  spacing  between 
views 

1  degree 

X-rav  anode 

w 

Anode  tilting  angle 

16  degrees 

l  ube  rotation 

6  degrees 

X-ray  window 

1  mm  Al 

Anode  voltage 

Up  to  50  kV'p 

l  ube  current 

Up  to  38mA 

Focal  spot  size  (FWHM) 

U.6mmx().61mm 

Due  to  manufacturing  and  cost  considerations  the  31  x-ray  focal  spots  (sources)  in  the 
current  design  arc  arranged  in  a  straight  line  parallel  to  the  detector  plane,  rather  than  in  an  arc 
165  with  equal  distance  to  the  isoccntcr.  In  this  case  the  SOD  varies  slightly  from  source  to  source  in 
a  simple  cosine  relation:  SOD=  SODc/cosO’*©**/ 1 80°),  where  i  (the  source  index)  =0,  ±1...±I5; 
0  (the  equal  angular  spacing  between  the  adjacent  sources)  =  1°;  and  S0Do  =  650mm  is  the 
distance  between  the  central  source  and  the  object  center  (chosen  to  be  the  isoccntcr  of  the 
rotating  gantry  DBT  system).  To  obtain  the  same  entrance  dose  on  the  object,  the  mAs  value 
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170  from  each  individual  source  can  be  adjusted  electronically  based  on  its  SOD.  Each  x-ray  anode 
focal  spot  is  individually  rotated  such  that  it  face  toward  the  center  of  the  object  center  which  is 
50mm  above  the  detector  surface. 

In  the  present  design,  the  modified  Einzci-type  electrostatic  lens  described  in  our 
previous  publications  (28.  33]  was  utilized.  The  gate  electrode  is  grounded,  the  gate-cathode 
175  extraction  voltage  needed  to  generate  the  tube  current  is  about  1 .4kV.  The  effective  anode  kVp  is 
the  sum  of  the  anode  voltage  and  the  gate-cathode  voltage.  For  example,  when  anode  voltage  is 
set  at  28k Vp,  the  effective  anode  voltage  is  29.4 kV. 

2.2  Anode  heat  load 

ISO  About  99%  of  the  electron  energy  of  an  x-ray  tube,  whether  thermionic  or  field  emission, 

is  wasted  as  heat  on  the  anode.  The  maximum  operating  power  is  limited  by  the  temperature  and 
heat  load  of  the  anode.  A  mammography  x-ray  tube  typically  operates  at  1 00-200mA  tube 
current  and  -3()kVp  effective  anode  voltage.  The  peak  power  of  3-6kW  is  distributed  over  the 
focal  track  on  the  rotating  anode.  In  the  present  CNT  x-ray  source  array  design  a  stationary  W 
185  anode  is  used  for  each  focal  spot.  This  allows  distribution  of  the  heat  load  over  a  larger  area. 
To  determine  the  power  limit  finite  clement  simulations  were  carried  out  using  the  commercial 
package  (AN SYS).  The  anode  temperature  was  calculated  by  solving  the  heat  equation: 

pcp  =  (Pin  -  P,ad)  •  t  -  V  •  (kVT{2, 0) 

where  c„  and  k  are  respectively  the  temperature  dependent  heat  capacity  and  thermal 
190  conductivity.  Pm  is  the  input  power  and  Prad  the  output  power  due  to  blackbody  radiation 
132). 

Ihcrmal  simulations  were  performed  on  a  model  structure  for  various  power  levels,  The 
power  was  selected  according  to  the  expected  operating  conditions  of  the  x-ray  tube  at  up  to 
38kVp  effective  anode  voltage  and  various  tube  current  and  pulse  widths.  In  the  current 
195  configuration  of  the  CNT  tube,  the  energy  of  electrons  reaching  the  anode  target  is  the  sum  of  the 
anode  potential  and  the  extraction  voltage  applied  between  the  gate  and  the  cathode.  The 
maximum  simulated  effective  anode  voltage  of  38kVp  is  higher  than  the  most  commonly  used 
value  for  mammography  (28kVp)  and  was  chosen  to  impose  more  stringent  requirement  and  to 
take  into  consideration  of  imaging  conditions  for  denser  and  thicker  breast.  ll>c  electron 
2(H)  penetration  depth  into  the  target  is  assumed  to  be  constant  over  the  voltage  range  simulated.  The 
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maximum  stable  tube  current  is  determined  by  the  heat  load  of  the  stationary  anode.  It  depends 
on  the  energy,  pulse  width  and  the  focal  spot  size.  The  combinations  of  28mA  and  250ms.  38mA 
and  183ms  were  selected  for  the  anode  heat  load  simulation  because  each  of  them  provides  the 
necessary  dose  for  a  projection  view  for  an  imaging  protocol  of  lOOmAs  per  scan  with  15 
205  projection  views.  The  temperature  distribution  on  the  whole  anode  structure  was  simulated  for 
the  targeted  focal  spot  size.  I1k  power  density  was  distributed  on  the  anode  as  a  Gaussian 
function  with  the  measured  FWHM  of  the  focus  spot  size  [32). 
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2.3  CNT  field  emission  electron  source 

Several  factors  considered  in  designing  the  CN  F  cathode  include  the  targeted  focal  spot 
size,  the  demagnification  factor  of  the  electrostatic  lens,  the  anode  tilting  angle,  and  the 
maximum  stable  emission  current  density  of  the  CNT  emitters.  The  aim  of  the  present  study  is 
to  have  an  isotropic  focal  spot  size  of  -0.6mmx0.6mm  FWHM  which  will  provide  a  significant 
improvement  in  the  spatial  resolution  along  the  scanning  direction  while  maintaining  a 
comparable  value  in  the  direction  orthogonal  to  motion.  The  basic  structure  of  each  x-ray  unit 
(source)  consists  of  a  CNT  cathode,  a  gate  electrode  to  extract  electrons,  electron  focusing  lens, 
and  the  anode.  To  focus  the  field  emitted  electron  beam  the  modified  Einzcl-type  electrostatic 
lens  described  in  our  previous  publications  [28,  33)  was  utilized.  The  detailed  dimension  of  the 
electrostatic  lens  was  optimized  using  a  commercial  simulation  package  (OPERA-3D)  (34).  The 
CN  F  cathodes  were  fabricated  by  clectrophorctically  depositing  a  composite  film  comprising 
pre-formed  CNTs  and  inorganic  binders  on  a  metal  substrate  and  by  subsequent  heat  treatment 
[35). 


lire  emission  current  from  the  CNT  cathode  was  evaluated  using  anticipated  operating 
conditions  before  the  x-ray  tube  was  manufactured  with  use  of  a  vacuum  chamber  based  test 
module  housing  3  x-ray  sources.  Ihc  test  module  has  a  similar  structure  as  the  designed  tube, 
with  each  source  consisting  of  a  CNT  cathode,  an  extraction  gate,  focusing  lens,  and  a  W  anode. 
Accelerated  lifetime  measurements  were  performed  under  the  pulse  mode  with  variable  pulse 
width  and  duty  cycle.  Each  pulse  corresponds  to  one  x-ray  exposure.  Long  term  stability  was 
tested  for  250ms  and  183ms  pulses.  During  the  measurement  the  extraction  electrical  field  was 
automatically  adjusted  to  maintain  a  constant  current. 
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2.4  X-ray  focal  spot  size  measurement 

The  effective  focal  spot  sizes  of  the  x-ray  sources  in  the  array  were  measured  following 
235  the  IEC  standard  [36]  using  a  gold-platinum  pin-hole  phantom,  which  is  100  pm  in  diameter  and 
500  pm  in  length  and  has  a  12°  opening  angle.  The  electrical  potentials  applied  to  the  two 
focusing  electrodes  in  the  Finzel  lens  were  adjusted  to  obtain  the  minimum  focal  spot  size,  'll x: 
same  focusing  voltages  were  used  for  all  31  sources.  The  measurement  was  performed  at  35kVp 
anode  voltage  for  all  3 1  sources. 

240 

2.5  System  integration 

'Ihc  CNT  x-ray  source  array  was  mounted  on  the  rotating  gantry  of  the  Selenia 
Dimensions  scanner  replacing  its  mammography  x-ray  tube,  as  illustrated  in  Figure  2.  A 
mounting  bracket  was  designed  to  connect  the  source  array  with  the  gantry  and  to  provide 
245  multiple  degrees  of  translational  and  rotational  freedom  to  adjust  the  exact  location  and 
orientation  of  the  source  with  respect  to  the  detector  plane.  The  x-ray  source  array  was 
electronically  interfaced  w  ith  the  Selenia  detection  unit  which  sets  the  number  of  views,  the 
detector  integration  time,  and  the  detector  readout  time.  I  hc  x-ray  source  exposure  time  for  each 
view  is  controlled  by  the  x-ray  control  unit  (XCU).  The  XCU  also  controls  the  current  and 
250  sequence  of  the  x-ray  beams.  The  pulse  width  was  programmed  equal  to  the  detector  integration 
time.  A  TTL  trigger  signal  from  the  Selenia  detector  unit  to  the  XCU  synchronizes  the  x-ray 
beam  activation  with  the  detector  integration  and  readout.  Ihc  XCU  receives  a  separate  trigger 
pulse  from  the  detector  unit  for  each  exposure.  During  the  scan  sequence  the  XCU  regulates  the 
extraction  voltage  for  the  CNT  cathodes  to  provide  the  programmed  emission  current  value  for 
255  each  source.  I  hc  current  and  the  pulse  width  from  each  source  can  be  programmed  individually 
to  be  either  the  same  or  various. 
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Figure  2.  (a).  A  photo  showing  the  Hologic  Sclcnia  Dimensions  rotating  gantry 
tomosynthesis  scanner  with  the  mammography  tube  in  several  positions,  (b).  A 
schematic  of  a  s-DBT  scanner  with  the  CNT  x-ray  source  array  mounted  on  the 
Sclcnia  Dimensions  gantry.  For  illustration  purposes  x-ray  radiations  from  3 
sources  arc  shown.  The  31  x-ray  sources  were  labeled  from  left  to  right  as:  N 15, 
N14...NI,0,  P1,...P14,  P15. 


2.6  System  calibration 

260  The  modulation  transfer  function  (MTF)  of  the  s-DBT  scanner  was  measured  using  a 

homemade  phantom  consisting  of  a  50  pm  diameter  W  wire.  The  phantom  was  mounted  on  the 
movable  breast  compression  paddle  of  the  Hologic  scanner.  The  distance  between  the  phantom 
and  the  surface  of  detector  can  be  read  from  the  compression  paddle *s  digital  indicator.  The  wire 
has  a  2C  angle  with  regards  to  the  detector  axis,  allowing  oversampling  of  the  line  spread 
265  function  [37).  The  Selenium  direct  conversion  detector  was  operated  in  2x2  binning  mode  with 
140um  x  I40um  effective  pixel  size.  Images  were  taken  using  28  kVp  anode  voltage  and  6.67 
mAs  dose  per  view. 

2.7  Phantom  imaging 

270  Projection  images  of  a  tissue-equivalent  breast  phantom  (Model  013,  CIRS.  Inc.)  and  an 

ACR  Gammex  156  Mammographic  Accreditation  phantom  were  collected  using  the  s-DBT 
scanner  and  conventional  Hologic  scanner.  The  CIRS  phantom  is  shaped  to  represent  a  partially 
compressed  breast  about  5cm  in  thickness.  F-mbedded  within  the  CIRS  phantom  are  randomly 
positioned  solid  masses  and  two  MC  clusters  placed  in  the  center  layer.  The  ACR  phantom 
275  simulates  the  x-ray  attenuation  of  a  4.2  cm  slab  of  compressed  human  breast  composed  of  50% 
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adipose  tissue  and  50%  glandular  tissue.  Target  objects  in  ACR  phantom  arc  6  nylon  fibrils.  5 
simulated  micro-calcification  specs  and  5  masses.  All  of  them  are  of  known  size,  shape,  and 
density.  The  projection  images  were  then  reconstructed  using  the  back  projection  ( HP)  method 
and  the  calculated  geometry  parameters,  yielded  50  slices  through  the  phantom.  The  slice 

2X0  thickness  was  1mm.  The  images  were  collected  using  the  following  parameters:  15  views  over 
14  degrees.  2X  kVp  anode  voltage,  and  a  total  dose  of  lOOmAs  (6.67  mAs  per  view). 

3.  RESULTS 

3.1  CNT  x-ray  source  array 

285  Figure  3  shows  the  CNT  x-ray  source  array  designed  for  s-DBT.  The  tube  contains  an 

extended  anode  plate  with  31  individual  tungsten  anodes  and  a  two-stage  active  focusing 
assembly  for  electron  beam  focusing.  In  the  picture  one  can  see  the  main  housing  components 
consist  of  the  HV  feed-through  for  the  anode  voltage  input,  two  ion  getter  pumps  that  allow  the 
monitoring  of  the  pressure  inside  the  tube,  and  the  large  x-ray  window  made  from  Aluminum. 

290  The  backside  contains  the  electrical  feed-through  for  the  cathodes  and  the  focusing  electrodes. 
Ihe  tube  was  designed  to  provide  similar  scan  modes  as  conventional  moving  source  systems. 
Ihc  target  material  is  tungsten  in  combination  with  a  1mm  Aluminum  filtration  from  the  x-ray 
window.  Additional  filters  and  collimators  can  be  installed  on  the  tube  housing. 


295 

3.2  Anode  Heat  Load  Simulation 

Figure  4  shows  the  simulated  anode  temperature  for  exposure  conditions  listed  in  fable 

2.  For  the  simulation  the  effective  focal  spot  size  was  assumed  to  he  0.6mmx0.6mm  FWHM.  At 

28mA  tube  current  and  250ms  pulse  width  the  highest  anode  temperature  was  found  to  be  less 

300  than  80%  of  the  W  melting  temperature  <Tm=3695K).  which  is  generally  considered  within  the 
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safe  operating  range.  The  transient  temperature  drops  very  quickly  to  the  base  value  after  the 
exposure,  Ihe  anode  transient  temperature  rises  with  increasing  tube  power  and  exceeds  the  Tfl 
at  38mA  and  38k  Vp.  To  operate  safely  at  38mA  at  this  focal  spot  size  the  anode  voltage  needs  to 
be  reduced.  The  temperature  becomes  substantially  lower  if  28k Vp  instead  of  38k Vp  is  used  in 
305  the  simulation,  which  is  the  most  commonly  used  effective  anode  voltage  for  mammography. 
The  anode  temperature  at  28kVp  and  38mA  reduces  to  281  IK.  the  same  as  that  for  the  38k Vp 
and  28mA  case.  The  combinations  of  28mA/2S0ms  and  38mA*  183ms  were  selected  for  the 
simulation  because  each  provides  the  necessary  dose  for  a  projection  view  for  a  tomosynthesis 
imaging  protocol  of  lOOmAs  per  scan  with  15  projection  views.  I  hc  insert  is  a  snap  shot  of  the 
310  temperature  distribution  on  the  anode  surface  at  the  end  of  a  38kVp.  28mA  and  250ms  exposure. 
Ihc  temperature  drops  off  quickly  from  the  center  of  the  focal  spot. 


Figure  4.  The  simulated  temperature  at  the  center  of  the  W  anode 
during  a  single  x-ray  exposure  at  3  different  power  levels.  The 
horizontal  line  is  80%Tm  of  W.  Insert  shows  the  temperature 
distribution  on  the  anode  surface  at  the  end  of  a  38kVp,  28mA.  and 
250s  exposure 


Table  2:  Simulated  anode  temperature  for  0.6mmx0.6mm  FWHM  focal  spot  size 


High  V'oltagc 
<kVp> 

l  ube  C  urrent 
<mA) 

Power  (W) 

Exposure  Time 
(ms) 

Max 

Temperature  <K) 

38 

38 

1444 

183 

3872 

38 

28 

1064 

250 

281 1 

38 

20 

760 

250 

1%2 
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315  3.3  CNT  field  emission  electron  source 

The  stable  emission  current  from  the  CNT  cathode,  the  cathode  to  cathode  consistency, 
and  long  term  stability  under  the  anode  thermal  management  allowed  current  level  were 
investigated.  Figure  5  shows  the  stability  of  the  CNT  cathode  measured  in  two  different 
conditions.  At  27mA  tube  current  and  250ms  pulse  width  the  CNT  cathode  showed  essentially 
320  no  degradation  during  the  entire  8000  minutes  of  measurement  at  5%  duty  cycle,  which  equals  to 
400  minutes  of  total  x-ray  beam-on  time,  or  -100.000  tomosynthesis  scans.  The  second  test  was 
performed  at  3SmA  and  183ms  pulse  width.  In  this  ease  the  focal  spot  size  was  larger  than 
0.6mm  x  0.6mm.  During  the  -SOOOminutes  of  measurement  at  0.6%  duty  cycle  a  small  increase 
of  the  extraction  voltage  was  observed  (-8V  per  1000  tomosynthesis  scans).  These  two  current 
325  waveforms  were  selected  for  the  long  term  stability  test  because  each  pulse  provided  the  dose  for 
one  projection  view  of  a  15  view.  lOOmAs  tomosynthesis  scan. 

it  is  worth  pointing  out  that  as  discussed  in  Section  2.1  the  effective  anode  kVp  is  the 
sum  of  anode  voltage  and  gate-cathode  voltage,  adjustment  of  gate-cathode  voltage  by  XCU  to 
maintain  the  constant  current  in  principle  affects  the  energy  of  the  x-ray  spectrum.  However,  as 
330  show  n  in  Figure  5.  the  adjustment  in  the  gate-cathode  voltage  over  the  lifetime  test  is  very  small 
comparing  to  the  anode  voltage  (<1%).  This  is  because  in  field  emission  the  current  increases 
exponentially  with  the  applied  gate-cathode  voltage. 
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Figure  5:  (a).  The  graph  shows  lifetime  measurement  performed  at  27mA  tube 
current,  250ms  pulse  width,  and  5%  duty  cycle.  The  insert  shows  one  cuncnt  pulse. 

(b).  The  graph  shows  data  at  38mA  tube  current.  1 83ms  pulse  width.  0.6%  duty  cycle. 

The  extraction  voltage  was  adjusted  automatically  to  maintain  constant  tube  current. 

The  sourcc-to-source  consistency  of  the  scaled  x-ray  tube  array  was  evaluated.  Figure  6 
plots  the  extraction  voltage  needed  to  obtain  27niA  tube  current  from  all  31  x-ray  sources.  lire 
difference  between  the  lowest  and  the  highest  extraction  voltages  is  about  400V  before  any 
compensation  or  use  of  a  ballast  resistor.  The  XCU  automatically  adjusts  the  gate-cathode 
voltage  to  provide  the  programmed  mA  value.  Figure  6  shows  an  example  of  the  output  current 


from  the  central  15  of  the  31  x-ray  sources. 


1x00 


(a)  Beam  * 


tb) 


Figure  6:  (a).  Variation  in  the  extraction  voltages  needed  to  obtain  27mA  tube 
current  from  each  CNT  cathode  in  the  x-ray  source  array  before  any  compensation. 
Ihc  average  value  is  about  1 .4k  V.  (b).  lube  current  from  each  of  the  central  15 
sources.  The  XCU  automatically  adjust  the  extraction  voltage  to  achieve  the 
required  current. 
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3.4  X-ray  focal  spot 

Figure  7  shows  the  measured  focal  spot  sizes  of  all  31  x-ray  sources  of  the  CN  F  x-ray 
source  array  following  the  IEC  standard  |36|.  Detailed  data  from  the  central  beam  (source  #0)  is 
also  shown  in  Figure  7.  The  average  focal  spot  size  is  0.64+0.(Mmm  x  0.61+0.05  mm  (width  x 
length)  at  FWHM.  The  width  direction  is  defined  as  being  parallel  to  the  x-ray  source  array 
orientation  (scanning  direction).  The  maximum  focal  spot  size  in  both  width  and  length  direction 
345  is  about  0.7  mm  and  the  smallest  dimension  is  around  0.5  mm. 


Figure  7:  (a).  Experimentally  measured  focal  spot  sizes  (FWHM)  of  all  31  sources 
in  the  x-ray  source  array,  (b).  Pinhole  image  of  the  central  beam  (left)  and 
Gaussian  fitting  curves  for  intensity  profiles  along  the  x  and  y  axes,  from  which  the 
FWHM  is  extracted.  A  gold-platinum  pin-hole  with  12°  opening  angle.  lOOum 
diameter,  and  500  um  length  was  used  for  the  measurement. 


3.5  System  integration 

lire  CN  F  source  array  is  mounted  on  the  gantry  of  Hologic  Sclcnia  Dimensions 
350  tomosynthesis  scanner,  replacing  the  regular  rotating  anode  mammography  x-ray  tube,  as  shown 
in  Figure  8.  Fine  adjustment  of  the  position  and  orientation  of  the  array  was  made  based  on  the 
geometry  calibration  using  a  phantom  containing  multiple  metal  halls.  The  source  is 
electronically  integrated  with  the  detection  unit.  In  the  current  design  exposure  from  the  CN  F  x- 
ray  source  array  is  driven  by  the  detector.  Figure  8  shows  an  example  from  one  tomosynthesis 
355  scan.  The  detector  sent  a  TTL  pulse  train  signal  where  each  pulse  corresponds  to  one  detector 
frame  with  pre-set  integration  and  readout  time.  The  nsing  edge  of  each  pulse  triggers  exposure 
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from  one  corresponding  x-ray  source  where  the  x-ray  pulse  width  is  programmed  to  he  the  same 
as  the  detector  integration  time.  The  amplitude  of  the  CNT  cathode  current,  therefore  the  x-ray 
tube  current,  is  regulated  by  the  control  electronics  which  automatically  varies  the  extraction 
voltage  applied  to  achieve  the  targeted  value  which  can  either  he  the  same  for  each  source  or 


varies  in  a  pre-programmed  pattern. 
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Figure  8:  (a).  The  specially  designed  CNT  source  array  with  31  equal 
angularly  spaced  x-ray  sources  mounted  on  the  gantry  of  the  Hologic  Schema 
Dimension  tomosynthesis  scanner,  replacing  the  regular  rotating  anode 
mammography  x-ray  tube.  (b).  Pulsing  sequence  from  one  scan  with  15 
views  (bottom).Thc  upper  pulse  train  is  the  TTL  signal  from  the  detector. 
The  rising  edge  is  used  for  triggering.  The  lower  pulse  train  is  the  x-ray  tube 
current. 
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3.6  System  calibration 

Projection  images  of  the  MTF  wire  phantom  were  acquired  using  the  15-view,  14  degree 
365  angular  coverage  mode  at  a  magnification  factor  of  1.08  (4.4cm  thickness)  and  2x2  detector 
binning.  Figure  9  plots  the  measured  MTF  from  source  N7  (#7  source  on  the  left),  0  (central 
source)  and  P7  (#7  source  on  the  right)  in  the  s-DBT  system.  For  comparison  the  corresponding 
projection  MTF's  from  the  rotating  gantry  system  measured  at  viewing  angle  of  -7,  0  and  7 
degrees  arc  also  shown  on  the  same  figure.  The  spatial  resolutions  for  the  rotating  gantry 
370  scanner,  measured  at  10%  MTF,  are  4  cyclcs/mm  along  the  scanning  direction  and  5.4 
cyclcs'mm  perpendicular  to  the  scanning  direction.  These  results  arc  consistent  with  the 
calculated  values  using  the  known  system  parameters  (focus  spot  size,  detector  pixel  size  and 
SOD).  For  the  s-DBT  system,  the  measured  MTF's  for  the  central  source  (#0)  are  5.1  cyclcs/mm 
along  the  scanning  direction  and  5.2  cyclcs/mm  perpendicular  to  the  scanning  direction.  The 
375  MTF  degrades  slightly  for  the  off-center  x-ray  beams.  For  example,  for  x-ray  beams  N7  and  P7, 
the  MTF  is  5  cyclcs/mm  along  the  scanning  direction.  The  small  variation  in  MTF  for  different 
x-ray  beams  can  he  attributed  to  the  projection  angle  of  the  x-ray  beam  on  the  detector  screen 
(38).  The  system  MTF  obtained  using  the  reconstructed  in-focused  slice  for  the  two  system 
configurations  arc  plotted  in  Figure  9.  Ihe  slice  thickness  is  1mm.  The  10%  system  MTF  is 
380  cyclcs/mm  lower  than  the  projection  MTF  for  the  same  system.  This  is  attributed  to  the 
reconstruction  process  and  the  z-axis  offset.  When  a  reconstructed  slice  docs  not  intersect  the 
object  exactly  (z-axis  offset)  the  object  will  be  blurred.  It  has  been  reported  that  with  0.5mm  z- 
offset  the  system  MTF  can  be  degraded  by  as  much  as  1 .5  cyclcs’mm  ( 19). 


System  MTF 


Projection  MTF 


Figure  9.  (a).  The  projection  MTFs  of  the  stationary  and  rotating  gantry  DB  F  systems  along  the 
scanning  direction,  (b).  I  he  system  MT  F  obtained  using  reconstructed  in-focus  slice. 
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3.7  Initial  breast  phantom  imaging 

The  first  row  in  Figure  10  shows  three  reconstructed  slices  of  the  biopsy  breast  phantom 
at  depths  of  1 .  2.5,  and  4  cm  from  the  top.  The  second  row  shows  the  zoomed-in  view  of  the 
circled  region  with  MC%s.  The  diameters  of  the  micro-calcifications  arc  in  the  range  of  0.2-0.5 
mm.  The  third  row  shows  three  slices  of  the  Gammex  156  ACR  phantom  at  depths  of  0.7.  1.4. 
and  2  cm  from  the  top.  The  diameters  of  these  micro-calcifications  arc  0.54mm.  The  MCs  are 


most  clearly  shown  in  focus  at  the  proper  slice  location. 


Figure  10.  (a).  Fifteen  projection  images  of  the  biopsy  breast  phantom  obtained 
from  the  system  were  reconstructed  using  BP  algorithm  to  yield  50  slices  through 
the  phantom,  three  of  which  arc  shown  in  the  first  row  at  depths  of  1,  2.5,  and  4 
cm  from  the  top  surface,  (b).  The  second  row  shows  the  zoomed-in  views  of  the 
The  diameters  of  these  micro-calcifications  are  in  the  range  of 


circled 

0.2-0.S  mm.  (c).  The  third  row  shows  three  reconstructed  slices  of  Gammex  156 
ACR  phantom,  which  arc  at  depths  of  0.7,  1.4.  and  2  cm  from  the  top.  The 
diameters  of  these  micro-calcifications  arc  0.54nun. 
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'Ihc  layout  of  target  objects  in  (iammex  156  ACR  phantom  is  shown  in  Figure  1 1.  For 
comparison,  the  first  row  (a)  and  the  second  row  (b)  in  Figure  1 1  show  a  focused  slice  of  the 
ACR  phantom  reconstructed  using  the  data  collected  from  the  s-DBT  and  the  DBT  system, 
respectively.  The  three  images  from  left  to  right  in  each  row  are  the  zoomed-in  view  of  the 
400  central  MC  of  the  MC  Clusters  £7,  8.  and  0.  respectively.  The  diameters  of  these  3  MCs  arc 
0.54mm.  0.4mm.  and  0.32mm.  respectively,  lire  same  magnification  factor  and  the 
window/lcvcl  arc  used  in  displaying  the  two  sets  of  data.  Qualitatively  the  images  in  the  first  row 
collected  using  the  s-DBT  system  is  clearer. 


nm 

1 1 1 1 


Figure  11.  The  layout  of  target  objects  in  Ciammex  156  ACR  phantom  is 
shown,  (a).  The  first  row  shows  the  focused  slice  of  the  phantom  reconstructed 
using  the  s-DBT  projection  data.  (b).  The  second  row  shows  the  focused  slice 
of  the  phantom  reconstructed  using  the  DBT  projection  data. The  three  images 
from  left  to  nght  in  each  row  are  the  zoomed-m  view  of  the  central  MC  of 
the  MC  Clusters  #7.  8.  and  9.  rcspcctively.Thc  diameters  of  these  3  MCs  arc 
0.54ntm.  0.4mm.  and  0.32ntm.  respectively.  The  same  magnification  factor 
and  the  window 'level  arc  used  in  displaying  the  two  sets  of  data. 
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4.  Discussion 

I  hc  motivation  of  this  research  project  was  to  improve  the  spatial  resolution  and  the  scanning 
speed  of  the  current  tomosynthesis  technology.  We  successfully  constructed  a  s-DBT  system  by 
replacing  the  regular  mammography  x-ray  tube  used  in  the  Hologic  Selenia  Dimension  scanner 
410  with  a  spatially  distributed  stationary  CN  F  x-ray  source  array.  'Ihc  s-DBT  system  is  shown  to 
have  improved  the  spatial  resolution  and  the  scanning  speed  compare  with  DBF  tue  to 
complete  elimination  of  the  source  motion  blurring.  Although  the  nominal  focal  spot  size  of  the 
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mammography  x-ray  tube  used  in  the  DBT  scanner  is  slightly  smaller  than  that  of  the  present 
CN  F  x-ray  source,  the  motion  blurring  is  substantial  during  x-ray  exposure  which  degrades  the 
415  image  quality.  In  this  study  using  the  standard  imaging  protocol  of  15  views  over  14  degrees,  a 
25%  improvement  in  in-plane  spatial  resolution  achieved  in  the  s-DBT  design.  The  improvement 
is  expected  to  be  more  pronounced  for  a  wider  angular  coverage  which  is  often  preferred  for 
better  image  reconstruction  but  is  difficult  to  achieve  with  the  rotating  gantry  design  in  high 
speed  without  significantly  degrading  the  image  quality.  For  the  s-DBT  scanner,  since  no 
420  mechanical  motion  is  required  to  collect  the  multiple  projection  views,  the  spatial  resolution  is 
independent  of  the  angular  coverage.  For  example  the  10%  system  MTF  will  remain  at  4.0 
cycles/mm  when  the  angular  coverage  is  increased  from  14  degrees  to  30  degrees  while  all  other 
parameters  remain  the  same  for  the  s-DBT  scanner  (Table  3). 

To  minimize  the  effect  of  patient  movement  on  the  imaqe  quality,  it  is  desired  to  keep  total 
425  scanner  time  as  short  as  possible.  Ihe  tomosynthesis  scanning  time  Tscan  of  s-DBT  is 
determined  by  the  detector  readout  time  Afrra(f0U*  and  the  number  of  projection  views 
but  is  independent  of  the  angular  coverage.  It  can  be  expressed  as:  Tscan  =  Nvlew  X  + 

Afreadout)*  The  exposure  time  per  view  Afc*pis  set  to  be  the  same  as  the  detector  integration 
time,  and  is  a  direct  function  of  the  total  imaging  dose  (D,  in  mAs)  required.  and  the  x-ray 
430  tube  current  /  (in  mA)  as:  Atcxp  =  D/(Nvicw  X  I).  At  3XmA  tube  current  Atcxpis  180ms 
for  a  15-view  and  lOOmAs  scan.  This  translates  to  a  total  scan  time  of  6.3s  with  current  detector 
readout  time  of  Atreaaout  =  240ms,  regardless  of  the  angular  coverage.  On  the  other  hand,  the 
scanning  time  of  DB  F  depends  on  the  scanning  angle.  The  current  Sclcnia  Dimension  scanner 
takes  3.7s  for  a  lOOmAs  and  15- view  scan  at  14  degree  coverage.  If  the  angular  coverage  is 
435  increased  the  same  scan  will  take  longer  to  maintain  the  same  spatial  in-plane  resolution.  The 
scanning  time  of  the  s-DBT  can  be  reduced  by  increasing  the  detector  speed  or/and  increasing 
the  x-ray  tube  current.  With  advancement  of  the  detector  technology  Hat  panel  detectors  with 
higher  frame  rates  can  potentially  be  available  in  the  future. 

As  a  new  technology  the  long  term  performance  of  the  CNT  x-ray  source  array  for 
440  tomosynthesis  needs  to  be  evaluated.  The  accelerated  lifetime  measurement  performed  under  the 
condition  of  35kVp  anode  voltage.  27mA  tube  current,  and  0.25s  per  pulse  shows  very  little 
degradation  of  the  CNT  cathode  during  the  entire  experiment.  Mere  degradation  is  defined  as  the 
increasing  of  the  extraction  voltage  for  a  constant  output  tube  current.  The  400mins  of  total 
beam-on  time  measured  from  one  source,  without  any  noticeable  increase  of  the  extraction 
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445  voltage,  is  equivalent  to  100.000  tomosynthesis  scans  ( 15  view  and  lOOmAs  per  scan)  which  is 
estimated  to  be  over  3  years  in  service  lifetime  (-60  patients  per  day.  2  tomosynthesis  scan  per 
patient.  250  working  days  per  year).  The  present  source  array  is  designed  to  allow  -1000V 
increase  of  the  extraction  voltage  without  affecting  the  x-ray  output  power  which  means  the 
actual  sc  nice  lifetime  could  be  much  longer  than  this.  Initial  phantom  studies  demonstrate  the 
450  capability  of  the  prototype  s-DBT  system  to  provide  high  quality  images.  Detailed  phantom  and 
specimen  studies  arc  ongoing. 


Table  3:  The  spatial  resolution  and  scanning  time  of  the  s-DBT  system  for 

different  imaging  protocols 

14°,  15  view, 
lOOm.As  scan 

Scan  time 

6.3s 

Source  motion  blur 

0 

1  U%  system  M 1 1- 

4.U  cycle  s/mm 

30".  15  view, 
lOUmAs  scan 

Source  motion  blur 

0 

Scan  time 

6.3s 

1  U%  system  MIT 

4.0  cycle  s/mm 

30°,  31  view, 
lOOm.As  scan 

Source  motion  blur 

0 

Scan  time 

10.  Is 

1 0%  system  MTF 

4.0  cycles/mm 

Note:  The  numbers  tor  the  14‘.  15  view  and  lOOvnAs  scan  were  experimentally 
measured.  The  rest  was  calculated  using  28kVp  anode  voltage.  37mA  tube 
current.  240ms  detector  readout.  140umxl40um  detector  pixel. 

5.  Conclusion 

A  prototype  s-DBT  scanner  has  been  developed  and  evaluated  by  retrofitting  Hologic 
455  Sclcma  Dimensions  rotating  gantry  DBT  scanner  with  a  CNT  field  emission  x-ray  source  array. 
Preliminary'  results  show  that  it  improves  the  system  spatial  resolution  by  eliminating  the  image 
blur  from  x-ray  focal  spot  motion  during  exposure.  The  scanning  time  depends  on  the  detector 
speed  and  imaging  configuration.  At  small  angular  coverage  the  s-DBT  scanner  is  slower  but 
becomes  comparable  and  slightly  faster  than  the  rotating  gantry  system  at  larger  coverage  angles. 
460  The  scanning  time  can  he  further  reduced  without  sacrificing  the  resolution  using  a  faster 
detector.  Accelerated  lifetime  measurement  demonstrated  the  long  term  stability  of  the  CNT  x- 
ray  source  array  for  digital  breast  tomosynthesis. 


465 
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ABSTRACT 

A  prototype  stationary  digital  bnra.il  tomosynthesis  (s-I)BT)  system  has  been  dev  clewed  by  retrofitting;!  Hologic  Sclcnia 
Dimension  rotating  gantry  tomosynthesis  scanner  with  a  spatially  distributed  carbon  nanolube  (CNT)  x-ray  source  array. 
The  goal  is  to  improve  the  system  spatial  resolution  by  removing  the  x-ray  tuK:  motion  indueed  focal  spot  blurting.  The 
(’NT  x-ray  source  array  comprises  31  individually  addressable  x-ray  beams  covering  30°  angular  span.  Kaeh  x-ray  beam 
lias  a  minimum  focal  spot  size  of  (.64x0.6 1mm  (full-width-alhalf-maximum).  a  stationary  W  anode  operating  up  to 
501  Vp.  and  I  mm  thick  At  filter.  The  tlux  from  each  beam  is  regulated  and  varied  using  dedicated  control  electronics. 
The  maximum  tube  current  is  ik.'tcrmined  by  the  beat  load  of  the  stationary  anode  and  depends  on  the  energy,  pulse 
width  and  the  focal  spot  size  used  Stable  operation  at  28kVp.  27mA  tube  current,  250msec  pulse  vvxlth  and  38mA  tuK: 
current.  183msec  pulse  width  per  exposure  was  achieved  with  extended  lifetime.  The  standard  ACR  phantom  was 
imaged  and  analyzed  to  evaluate  the  image  quality.  The  actual  scanning  speed  depends  on  tlx:  number  of  views  and  the 
readout  tinx:  of  the  x-ray  detector.  With  the  present  ikMcctor.  6  second  scanning  lime  at  either  15  views  or  31  views  can 
be  achieved  at  lOOmAx  total  imaging  dose  with  a  detector  readout  time  of  240msec. 

Keywords:  breast  cancer,  digital  breast  tomosynthesis,  carbon  nanolutx:.  field  emission 


1.  INTRODUCTION 

C  urrent  digital  breast  tomosynthesis  (DBT)  scanners  require  pirlial  isocentnc  motion  of  a  regular  mammography  x-ray 
tube  over  a  certain  angular  range  to  record  the  2D  projection  views  for  reconstructing  into  a  3D  dataset,  which  can  K: 
viewed  in  thin  slices  with  high  in-plane  resolution  that  do  not  suffer  from  conventional  mammography  tissue  overlap 
problem  |l.  2|.  It  has  the  potential  to  improve  the  effectiveness  of  early  bceast  cancer  screening  at  a  similar  disc  and 
comparable  cost  as  the  full -tick!  digital  mammography  (FFDM)  (3|.  The  first  commercial  DBT  scanner.  Hotogic  Selenia 
Dimensions,  received  FDA  approval  in  early  2(11 1  |4J.  Several  other  DBT  systems  from  dilferent  vendors  are  currently 
under  clinical  trials  |5-9|.  The  scanners  by  Hologic  and  Siemens  operate  in  a  continix*  motion  mode.  The  x-ray  beam  is 
switched  on  for  a  short  period  of  time  when  the  tube  reaches  the  viewing  pusition  and  the  detector  is  m  the  acquisition 
window.  The  motion  of  the  x-ray  source  during  the  finite  exposure  time  smears  the  object  and  degrades  the  system 
resolution.  The  (il:  System  operates  in  the  step-aiul-shoot  mode  where  x-ray  source  comes  to  a  complete  stop  at  each 
position  before  x-ray  exposure.  The  system  mechanical  instability*  from  acceleration  aixl  deceleration  of  the  source  limits 
the  image  quality  (10).  The  image  quality  from  the  current  DBT  scanners  is  al*»  compromised  by  patient  motion  induced 
blurring  due  to  the  relatively  long  scanning  time  1 1 1 1.  In  addition.  the  already  long  scanning  tinx:  prevents  further 
narrowing  the  x-ray  energy  bandwidth  which  has  the  potential  to  increase  the  image  contrast  but  requires  a  significantly 
higher  x-ray  output  power  in  order  to  maintain  a  comparable  imaging  time  1 12-15). 

In  this  study,  we  proposed  and  demonstrated  a  stationary  DBT  (s-DBT)  prototype  scanner  by  retrofitting  a  Hologic 
Selema  Dimension  rotating  gantry  DBT  scanner  (16)  with  a  CNT  distributed  x-ray  source  array  |17J  which  collcclx  the 
projection  views  by  electronically  activating  the  corresponding  x-ray  pixels  without  any  mechanical  motion.  Tlx: 
proposed  s-DBT  can  overcome  the  addressed  limitations  of  the  current  DBT  scanners.  The  design  and  preliminary  test 
result  are  reported. 
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2.  METHODS  AND  MATERIALS 


A  linear  CNT  x-ray  source  array  was  designed  to  have  a  similar  imaging  configuration  as  ihc  Ho  logic  Selenia 
Dimensions  scanner  except  the  sources  are  arranged  in  a  straight  line  parallel  to  the  detector  plane  rather  than  in  an  are 
(5).  Finite  element  analysis  was  performed  to  determine  the  maximum  x-ray  tube  current  at  the  targeted  focal  spot  size 
and  energy.  Electrostatic  simulations  were  earned  out  to  design  the  electron  focusing  optics  to  achieve  the  desired  Ideal 
spot  size.  The  emission  current  from  the  C  NT  cathode  was  evaluated  under  the  anticipated  operating  conditions  before 
the  x*ray  lube  was  manufactured  using  a  vacuum  chamber  based  test  nuxlule  consisting  of  3  x-ray  sources.  The  test 
module  lias  a  similar  structure  as  the  designed  tube,  with  each  source  consisting  of  a  ('NT  cathode,  an  extraction  gale, 
focusing  electrodes,  and  a  W  anode.  Accelerated  lifetime  measurcnx*nts  were  performed  unikr  the  pulse  mode  with 
variable  pulse  \v  idlh  and  duly  cycle.  Each  pulse  corresponds  to  one  x-ray  exposure.  Long  term  stability  and  consistency 
of  the  C  NT  cathodes  were  ev  aluated  far  250ms  and  183ms  pulse.  Hie  anode  voltage  was  held  at  35kVp.  A  control 
electronic  system  was  integrated  to  scan  and  to  regulate  the  imaging  dose  from  each  tvam  by  compensating,  the  driving 
voltages  and  by  modulating  the  exposure  lime  from  each  beam.  The  finally  manufactured  x-ray  source  array  was 
mounted  on  the  gantry*  of  the  llologic  Selema  Dimensions  scanner  replacing  its  original  regular  mammography  tube  and 
was  electronically  integrated  with  the  d,*  lector.  Prclixnitury  system  evaluation  was  performed  using  standard  phantoms. 
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In  the  curt  cm  x-ray  source  design  the  31  x-ray  fiscal  spots  arc  arranged  in  a  straight  line  parallel  to  the  detector  platw 
railxrr  ilian  alone  an  ate.  An  a  result  the  SOD  vanes  slightly  hum  beam  to  beam.  The  central  x-ray  beam  is  closer  to  the 
object  than  the  beaxm  from  the  edges,  winch  is  in  a  simple  cuisine  relation.  SODi-  SOD^ttwji'D'jtlSO).  wlicre  i  (the 
source  index)  -0,  1 1 ...!  15;  0  (Ihe  equal  angular  spacing  between  the  adjacent  sources )  -  1°;  and  SODj  -  650mm.  To 
obtain  a  constant  entrance  dose  at  the  object,  the  mAs  value  from  each  beam  needs  to  be  regulated  according  to  its 
respective  SOD.  This  can  be  accomplished  by  modulating  the  corresponding  x-ray  lube  current  or  x-ray  exposure  time. 
Figure  2  shows  Ihe  variation  ot  the  SOD.  Tlic  x-ray  anodes  local  spots,  are  rotated  towards  the  center  of  the  object 
^defined  as  the  ixt-ccntcr)  which  is  5<lmm  above  the  detector  surface 


2.2  Linear  wav  sourer  array  und  electron  focusing  optics  of  individual  \-rav  unit 


*  W:tr»4‘  3 
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The  appropriate  focusing 
optics  has  ken  selected 
for  the  prepared  x-ray 
source.  This  electron 
Liptics  design  is  based  on 
computer  simulations 
using  a  commercial 
soil  ware  package 

OPERAND)  to  evaluate 
ihe  modified  Lm/el  lem 
with  Usee  active  focusing 
electrode  designs.  With 
levs  design  complications, 
die  guil  is  lo  select  the 
design  that  gives  the 
required  focal  spot  size  of 
-Ci.6mmx0.6mm  FWHM 
which  will  provide 
sullicicnl  spatial 

resolution  along  Ihe 

scanning  direction  while  ma  ntaining  a  comparable  value  m  the  direction  orthogonal  lo  motion.  Figure  3  <a>  shows  die 
detailed  drawings  of  ail  individual  x-ray  beam  uml  wilh  a  modified  I.in/el  lens  Die  basic  structure  of  each  x-ray  unit 
I  source)  consists  of  a  C*NT  calhoifc.  a  gale  clcctrxnV:  to  extract  electrons,  electron  focusing  lens,  and  the  anode  The  gate 
electrode  is  grounded,  the  gate-cathode  extraction  voltage  needed  to  ucncralc  the  lube  current  is  about  1.4kV.  The 
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1  igvre  l  ia>  A  schenutij  driving  shows  one  x-ray  beam  unii  wilh  o  radiiied  l  m/ei  Urns.  ibj.  M> 
Raw  ing  of  amnshled  linear  x-ray  majcc  array:  (c(.  Draw  ings  of  the  x-ray  lute,  from  view  with  the 
\1  w  indc-'rt . 
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effective  amide  kVp  is  the  sum  of  the  anode  voltage  and  the  gate-cathode  voltage  For  example,  when  amide  voltage  is 
set  at  2XkVp.  the  effective  anode  voltage  is  29.4k' V'.  Figure  3  |h)  shows  the  assembled  beam  units  aligned  in  a  straight 
line.  These  assembled  beam  units  will  Lv  put  into  the  constructed  x-ray  chamber.  As  we  can  tell  front  this  figure,  all  tlie 
x-ray  units  have  the  common  gale,  focusing  electnxles.  The  aiuulo  are  corxoponding  to  individual  x-ray  units  and  they 
are  rotated  to  face  tlw  iso-center  of  the  system  Figure  3  (c)  shows  the  front  view  of  the  x-ray  tube. 


2.3  Anode  heat  toad 

The  main  source  of  thermal  energy  generation  in  a  field  emission  x-ray  tube,  as  well  as  a  thermionic  x-ray  tulv.  results 
from  bumburdmen!  of  tiie  high  kinetic  crvrgy  electrons  an  the  nxial  amde.  About  99%  ol  the  kinetic  energy  of  tlie 
electron  w  converted  to  heat  on  the  anode.  A  conventional  rotating  anotfc:  mammography  x-ray  lube  operates  at  100- 
200mA  tube  current  at  -30k Vp  effective  amde  voltage.  resulting  in  a  peak  power  of  3-6kW.  The  rotating  anode  design 
is  used  to  distribute  the  thermal  lixsd  over  a  large  area  In  the  case  of  the  linear  x-ray  source  array  designed  for  the 
pmpustd  n-DHT  scanner,  tlv  amde  is  an  extended  metallic  structuie.  The  thermal  energy  is  dxstnbulcd  over  the  full 
length  and  lire  amde  block  has  suflicient  heat  capacity  to  absorb  the  thermal  energy  generated  during  the  scan  The 
energy  input  of  100m As  x  4DkV  -  4kJ  leads  to  a  very  small  temperature  rise  compared  with  temperature  nsc  in 
convenliunul  x-ray  lubes.  The  peak  power  of  the  MBFEX  source  is  only  — IkW*.  This  power  has  to  lx:  removed  from  the 
lube  to  allow  a  scan  every  30s.  Howev  er  there  a  a  concern  w  hether  the  individual  fivus  spot  will  be  healed  up  too  close 
to  the  melting  tcmfvraturc  of  the  target  material  for  the  tune  duration  the  electron  beam  is  on.  To  determine  the  power 
limit  finite  element  simulations  were  carried  out  using  a  cocnnxrrcial  package  (ANSYS)  The  anode  temperature  was 
calculated  by  solving  the  beat  expiation. 

PCp  =  ( Pi *  -  fro.1  )  •  t  -  V  •  (fcPT(*.  t)) 

where  Cp  and  k  are  respectively  the  temperature  impendent  heat  capacity  and  thcrmil  condivlivily.  Plo  is  the  input 
power  and  Pltrf  is  the  output  power  due  to  hlackbody  radiation  |19)  Thermal  simulations  were  performed  on  a  nudcl 
structure  lor  various  power  levels.  The  power  was  selected  according  to  the  expected  operating  conditions  oflhc  x-ray 
tube  at  up  to  38k  Vp  effective  anode  vxiltage  aixl  various  tube  current  aid  pulse  widths.  The  electron  (vnetrahon  depth 
into  the  target  is  assumed  to  be  constant  over  the  ellective  muufe  voltage  range  of  28  to  38k Vp.  The  temperature 
distribution  oo  the  whole  amde  structure  was  simulated  for  live  targeted  focal  spot  si/e. 

2.4  X-ray  focal  spot  sue  measurement 

The  ellective  FSS  oflhc  x-ray  beam  has  been  measured  using  a  gold-platinum  pin-hole  phantom.  The  diameter  of  the 
pinhole  is  d-IOOum  with  500  um  length  and  12"  opening  angle  The  FSS  was  measured  regarding  the  lf:(*  standard  |20) 
bach  x-ray  generating  unit  comprises  a  CNT  Held  emission  cathode,  a  gale  clectnde  to  extract  the  electrons,  and  two 
modified  l.m/cl  tvjv  electrostatic  lenses  to  focus  the  field  emitted  electrons  to  a  snull  area  on  a  Tungsten  anode.  The 
amde.  fivusing  elect  Ruhr*  and  the  calhotfe  w  ill  lv  electrically  connected  to  the  following  -I  power  supplies  respectively. 
Spellman  SR70PN6  <7()KV.  XSmA),  Stanford  Research  PS350  (15KV,  1 0mA),  and  Kedhley  24X  fSKV,  5mA), 
Glassrmn  ER03RIG0  (3KV.  100mA).  The  clcctricd  potentials  applied  to  the  two  focusing  elccliudes  in  the  Funzcl  lens 
were  adjusted  to  obtain  the  minimum  local  spot  Size.  The  same  lbeustng  voltages  were  used  lor  all  31  sources.  The 
measurement  was  performed  at  35k Vp  anode  voltage  fur  all  31  sources 


2.5  System  integration 

The  CNT  x-ray  source  array  was  mounted  on  the  rotating  gantry  of  the  Seletua  Dutwnsion  wanner  replacing  its 
manumigraphy  x-ray  lube,  ax  illustrated  in  Figure  4.  A  mounting  bracket  was  designed  to  connect  die  source  array  with 
the  gantry  aid  to  piuvde  multiple  degrees  of  translational  and  rotational  freedom  to  adjust  the  exact  location  and 
orientation  of  the  source  with  respects  to  the  detector  plane.  The  x-ray  source  array  was  electronically  interfaced  with 
the  Sclctua  detection  unit  which  sets  the  number  of  views  and  the  detector  integration  and  readout  times  The  x-ray 
source  exposure  time  for  each  view  is  controlled  by  Ihe  x-ray  control  unit  (XCU).  The  XCU  also  controls  the  current  and 
sequence  ol  the  x-ray  beams.  Tlie  pulse  width  was  programmed  to  be  the  sum:  as  the  detector  integration  lime.  A  1  IL 
trigger  signal  from  the  Selenia  detector  unit  to  the  XCU  synchronize*  the  x-ray  beam  activation  with  the  detector 
integration  and  readout.  The  XCU  receives  a  separate  trigger  pulse  from  the  detector  unit  for  each  exposure.  During  the 
scan  sequence  tlv  XCI.  regulates  the  extraction  voltage  for  the  CNT  cathodes  lt>  provide  the  programmed  emission 
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current  va lue  lor  each  source.  The  current  and  the  pulse  width  from  each  source  can  be  programmed  individually  to  K: 
either  the  son*;  or  various. 
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Figure  4.  Left:  a  phi<:  showing  ihe  llokigic  Sckau  DimensKin  rotating  gantry 
tonxesynthest*  sc  inner  with  ih:  mammography  tube  in  several  positions.  Rig)*: 

A  schematic  of  a  s-DBT  scanner  with  th:  CNT  .vrny  source  array  mounted  on 
the  Sclcnu  Dimension  gantry 

2.6  Initial  phantom 

Projection  images  ol'an  ACR  (iammex  156  MammogTaphic  Accreditation  phantom  were  collected  using  both  the  s-DBT 
scanner  and  original  Holopc  Dimensions  scanner.  The  ACR  phantom  simulates  the  x-ray  attenuation  of  a  4.2  cm  slab  of 
eompressed  human  breast  composed  of  5D%  adipose  tissue  and  50%  glandular  tissue.  Target  objects  in  this  phantom  are 
composed  of  nylon  fibrils,  simulated  micro -calcification  specs  and  masses.  All  of  them  are  of  known  si/e,  shape,  and 
density.  The  projection  images  wen:  then  reconstructed  using  the  back  projection  (BP)  method  and  the  calculated 
geometry  parameters  to  yield  50  slices  through  the  phantom.  The  slice  thickness  was  I  mm.  The  images  were  collected 
using  the  following  parameters:  15  views  over  14  degrees.  28  kVp,  and  100  mAs. 

3.  RESULTS 


3.1  Anode  Ileal  Load  Simulation 

Figure  5  shows  Ihe  simulated  anode  temperature  for  two  different  exposure  conditions  38mA  tulv  current  and  183ms 
pulse  width,  and  28mA  tube  current  and  250ms  pulse  width.  The  combinations  of  2XmA250m*  and  3KmA'IX3im  were 
selected  lor  Ihe  simulation  because  each  provide*  the  necessary  dose  for  a  projection  view  for  a  tomosynthesis  imaging 
prolivol  of  100 mAs  p-r  scan  with  15  projection  views.  Effective  anode  voltage.  38k Vp,  higher  than  the  most  commonly 
used  value  for  mammography  (28kVp)  was  chosen  to  rmpise  more  stringent  rtxjuircment  and  to  take  into  imaging 
consideration  for  denser  aixl  thicker  bteasl.  For  the  simulation  the  effective  focal  spot  si/e  was  assumed  to  K: 
0.6mmx0.6mm  FWIIM.  At  28inA  tube  curtent  and  250ms  pulse  w  idth  the  highest  anixle  temperature  was  Idund  to  h: 
less  than  80%  of  the  W  melting  temperature  (3695K).  w  hich  is  generally  considered  as  within  the  safe  operating  range. 
The  transient  temperature  drop*  very  quickly  to  Ihe  base  value  alter  the  expisure.  The  anode  transient  temperature  rises 
with  increasing  tube  power  and  exceeds  the  anixle  melting  temperature  at  38mA  aixl  3SkVp.  To  op*ratc  safely  at  38mA 
at  this  fixral  spit  si/e  the  elTeclive  anod;  voltage  needs  to  be  icdueed  to  2KKVp.  The  anode  temp”ralure  at  28kVp  and 
38mA  reduces  to  2811 K.  Ihe  same  as  that  for  the  38k Vp  aixl  28mA  case. 
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figure  6:  This  graph  stow*  cathode  long  t«m  subdity  test  pcrfccmcd  it  27mA 
iUk  curcnt.  250ms  poke  width.  5%  duty  cycle,  and  it  3$mA  tube  current. 
I83rm  pulse  width.  0.b%  duty  cycle  The  extraction  tillage  was  adjusted 
autcsnuioiUy  to  miintain  ccov.ant  lube  current. 


0.125 


t*igurc  5.  The  simulated  temperature  at  the  center  of  ih:  W  anede  during  a  smgle  x- 
ny  exposure  at  two  different  power  levels  The  horiAvntal  line  is  80% of  W  anode 
melting  tcirrar  ature. 


The  source- to*  source  consistency  of  the  scaled  x-ray  tube  array  was  evaluated.  Figure  7  plots  the  extraction  voltage 
neeikd  to  obtain  27mA  tube  current.  The  dilVerence  between  the  lowest  and  the  highest  voltages  is  about  200V  before 
any  compensation  using  ballast  resistors.  The  XCU  automatically  adjusts  ll*:  gale  cathode  voltage  to  provide  tlie 
progtamnied  mA  value.  Figure  7  shows  an  example  of  the  output  current  from  the  central  15  of  the  31  x*ray  souives. 


3.2  CNT  Held  emission  electron  source 


Figure  6  shows  the  cathode  long  term  stability  measurement  results.  The  experiment  was  performed  in  two  di  lie  rent 
conditions:  27mA  lube  current.  250ms  pulse  width,  and  5%  duly  cycle,  atxl  data  at  3XmA  tube  current.  183ms  pulw 
width.  0.6%  duly  cycle.  As  we  can  see.  at  27mA  tube  current  and  250ms  pulse  width  the  cathode  shows  no  degradation 
alter  8000  minutes  measurement  time,  the  total  x-ray  on  time  is  424  minutes.  Since  the  x-ray  on  tin*;  per  scan  per  beam 
is  250ms.  the  cathode  can  last  from  —  100.000  scans.  Foe  a  busy  mammography  clinic  with  -  60  patients  per  day.  2  scans 
per  patients.  200  working  days  per  year.  The  results  mean  that  C'VT  source  can  Iasi  for  at  least  4  years.  The  second  test 
was  performed  at  38mA  and  183ms  pul*;  width.  During  the  -4IXI0ininutes  of  measurement  at  0.6%  duty  cycle  a  small 
increase  of  the  extraction  voltage  was  observed  (-8V  per  1  OKI  tomosynthesis  scans).  These  two  current  waveforms  were 
selected  for  the  long  term  stability  lest  because  each  pulse  provided  the  dose  lor  one  projection  view  tor  a  15  view  and 
100m As  tomosynthesis  scan.  The  higher  the  tuk:  current  is.  the  shorter  the  total  scan  time  is. 
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3.4  X-ray  focal  spot 

Focal  spot  si/ex  of  all  31  x-ray  beams  of  the  CNT  x-ray  source  array  were  measured  following  the  1EC  standard  [20]. 
Detailed  data  from  the  central  beam  (source  AK))  is  shown  in  Figure  S.  The  average  local  spot  si/e  for  all  31  beams  is 
0.64 i0.04mm  x  0.61  ±0.05  mm  (width  x  length)  at  FAVHM.  The  width  direction  is  defined  as  being  parallel  to  the  x-ray 
source  array  orientation  (scanning  direction).  The  maximum  locus  spot  si/e  in  both  the  width  and  length  direction  is 
about  0.7  nun  and  the  smallest  dimension  is  around  0.5  mm. 
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figure  S:  Pinhole  image  oi  the  central  Mam  (tell  I  and  trjusuan  fitting  curves  ter  mt  entity  profiles 
iking  the  x  and  y  axe*.  from  which  the  FWHM  a  extracted.  A  gold-platinum  pin-hole  with  l2a 
opening,  angle.  lOOum  dumeter.  and  503  uni  length  was  used  for  the  measurement. 


3.5  Svdrm  integral  inn 

The  specially  designed  linear  source  array  with  31  equal  angularly  spaced  x-ray  beams  is  mounted  on  the  gantry  of  the 
llologic  Selenia  Dimension  tomosynthesis  scanner,  replacing  the  regular  mammography  x-ray  lube,  as  shown  in  Figure 
9.  In  order  to  determine  the  location  of  each  individual  x-ray  source  and  adjust  the  overall  position  of  CNT  x-ray  source 
array,  geometry  calibration  was  perlbrtned  using  a  phantom  containing  multiple  itxMal  balls.  The  source  is  electronically 
integrated  with  the  detector.  In  the  current  design  exposure  from  the  CNT  x-ray  source  array  is  driven  by  the  detector.  A 
TTL  signal  train  is  sent  from  the  detector  to  the  XC'U.  XCli  then  turns  on  x-ray  units  in  programmed  sequence.  Resistor 
matrix  linked  between  XCU  and  x-ray  tube  is  used  to  compensate  gate  voltage  to  provide  preset  tube  current.  Error! 
Reference  source  not  found. Figure  9  shows  an  example  from  one  tomosynthesis  scan.  The  detector  sent  a  TTL  pulse 
train  signal  where  each  pulse  corresponds  to  one  detector  Iran*:  with  pre  set  detector  integration  and  readout  time.  The 
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rising  edge  of  each  pulse  trigger*  expo  Min;  from  one  conetpaoding  x-ray  source  when:  Ihe  x-ray  pulse  width  is 
programmed  to  be  the  same  ax  the  detector  mice  ration  time.  The  amplituifc:  of  the  luK:  current  is  controlled  by  a 
dedicated  XCU  which  automatically  varies  the  extraction  voltage  applied  to  achieve  the  targeted  value  which  can  either 
be  the  same  for  each  source  or  varies  in  a  pre- programmed  pattern. 


r°  ^suirr^nrs]nnrrr\n 


Figure  9:  (a).  The  specially  designed  liner  source  array  with  31  equal  angularly  spaced  x-ray  units  is 
mounted  on  the  gantry  of  the  llologic  Sclana  DureiLsjon  tomosynthesis  scanner,  replacing  the  regular 
nummngnfthy  x-ray  tube,  (b|.  The  diagram  shims  the  system  setup  with  x-ray  tube,  detector.  XCU 
and  resistor  nutnv  (c).  Pulsing  sequence  from  ow  scan  with  15  v  iew's.  The  uf^er  pulse  train  is  the 
T7L  si  jrul  from  the  detector.  The  rismg  edge  is  used  for  triggering.  The  lower  is  the  x-ray  tube 
current 


3.5  Initial  phantom  imaging 

Fifteen  projection  images  over  14  degrees  angular  span  were  collected  using  the  s-DBT  scanner  and  original  llologic 
Dimensions  scanner  with  2XKVp  anode  voltage  and  KIOmAs  exposure  level.  The  layout  of  taigel  objects  in  (iainmex 
156  A(‘R  planlom  is  shown  in  Figure  10.  For  comparison,  the  first  row  (a)  and  the  second  row  lb)  in  Figure  10  show  a 
lbcuxed  slice  of  the  AC'R  phantom  reconstructed  using  Ihe  data  collected  from  the  s-DBT  and  the  DBT  system, 
respectively.  The  throe  images  from  left  to  nghl  in  each  row*  are  the  zoomed* in  view  of  the  central  MC  of  the  MC 
C  lusters  #7,  X.  and  9.  respectively.  The  diameters  of  these  3  MC*'s  an:  0.54mm,  0.4mm,  and  0.32mm,  respectively,  five 
same  magnification  factor  and  the  witxluw  level  are  used  in  display  ing  the  two  sets  of  data.  Qualitatively  the  images  in 
the  first  row  collected  using  the  s-DBT  system  is  clearer. 
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figure  10  The  layout  of  target  objects  in  Gam  me  x  1 56  ACR  phantom  is  shown.  (a).  The  first  row  dvows 
the  focused  slice  of  the  ptumtim  reconstructed  usu^  the  vf)BT  projection  diu.  <b|.  The  second  row 
shows  the  focused  dice  of  the  phantom  reconanicted  using  the  DBT  projection  data.  The  three  itr-iucs 
from  left  to  right  in  each  row  ire  th:  /oc*ncd-in  view  of  the  central  MC  of  the  MC  Clusters  t?7.  $.  and 
9.  respectively.  The  diameter?  of  these  3  MCs  arc  0.54mm.  0.4mm,  and  DJ2tnnv  respectively.  The  same 
magnification  factor  and  the  window  ,  level  are  used  in  displaying  th:  two  sets  of  data. 


4.  DISCUSSION 

In  this  article,  we  have  demonstrated  the  feasibility  of  our  new  developed  s*DBT  scanner.  A  C.*NT  cathode  of  2.5x1 3mm 
rectangular  shape  wux  determined  after  electron  optics  simulation  anil  careful  consnkTalxKis  of  emission  atea  needed  to 
gel  high  current  as  well  as  sustainability  of  thermal  loading  by  the  amuhr.  Given  certain  st/e  of  focal  spot  on  anode,  the 
heat  load  on  anode  increases  accordingly  with  the  increase  of  oulpul  exposure  level.  To  maintain  sufficient  output 
exposure  level  for  imaging,  it  is  essential  to  keep  heat  load  on  anode  within  certain  range  f tungsten  melting  point  is 
34WC).  The  anode  heat  dissipation  ability  showed  in  our  thermal  simulation  allows  us  to  have  a  higher  lube  current 
with  the  same  FSS.  In  addition.  based  on  the  emission  stability  data  from  the  current  study  and.  we  believe  higher  current 
can  be  achieved  without  enlarging  the  cathode  st/e  and  therefore  the  FSS. 

For  the  s-DBT  scanner,  tlx:  scanning  tin*:  (t^)  is  determined  by  multiple  factors  including  the  number  of  views  (N,**), 

deleclor  readout  time  (I _ >..l  integration  time  (irn«n^  lolal  imaging  exposure  value  (D.,tih  and  x-ray  tulx: 

current!  Ii^k).  If  the  deleclor  frame  rate  is  not  a  limiting  factor.  then  the  scanning  time  can  be  calculated  by:  tm  -  N,*v 
x  Hu.s.i  *  Dmi  •'(  N,**  x  !,*«))  Assuming  KIOniAs  is  the  total  imaging  exposure  value  distributed  evenly  over  the  15 
beams,  the  telalxm  becomes:  x  (Ir<«*u  *  100  (15x  !,a«))-  TTie  relation  between  the  scanning  time  and  tube  current 

ts  plotted  in  Figure  1 1.  The  objective  scanning  time  in  this  study  is  bs  without  motion  blurring.  With  240ms  deleclor 
readout  tin*:,  using  the  tube  current  of  27mA.  scanning  tin*:  can  K:  as  fast  as  6s  for  the  total  imaging  dose  of  100m As. 
This  value  is  slightly  slower  than  the  reported  scanning  times  of  llologie  DBT  scanners  |4s|.  Further  reducing  the 
scanning  time  can  be  achieved  by  cither  a  detector  with  fast  frame  rate  and  higher  tube  current.  For  example,  with  17ms 
deleclor  readout  tin*:,  if  !»#*-  3K  mA  then  Un  becomes  3s.  With  the  increase  of  angular  coverage,  the  scanning  time  of 
llologie  scanner  can  be  increased  dramatically  due  to  n*xhanical  motion,  while  for  s-DBT  scanner  the  scanning  tin*:  is 
about  Ihe  same  as  the  narrower  angular  coverage  when  detector  readout  time  is  1 7ms. 
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kigure  1 1.  the  relinon  between  Itw  estimated  aran  lime  ird  the  x-ray  tube 
pcik  cur  Terr,  tor  the  ease  ot*  llltaiN*  total  imaging  exposure  vjUx*.  Rank*.* 
lime  of  1 7ms  and  25flms  arc  assumed,  (a)  for  15  view's.  <b)  foe  3 1  view's. 


5.  CONCLUSIONS 

A  prototype  s-DBT  wanner  has  been  developed  and  evaluated  by  retro  lilting  the  Holog.ic  Sclema  Dimension  rotating 
gantry  DBT  scanner  with  a  CNT  field  emission  x-ray  source  array.  These  preliminary  results  demonstrate  the  feasibility 
and  quality  of  the  proposed  s»DBT  scanner.  Hie  initial  reconstructed  images  using  an  ACR  phantom  show  that  S-DBT  is 
lully  liirclMKung  and  can  provide  higher  quality  linages.  The  scanning  lime  depends  on  the  detector  speed  and  imaging 
configuration.  At  small  angular  coverage  the  s-DBT  scanner  is  slower  but  becomes  comparable  and  slightly  faster  than 
the  rotating  gantry  system  at  larger  coverage  angles.  The  scanning  lime  can  be  further  reduced  without  sacrificing  live 
resolution  using  a  faster  detector.  Accelerated  lilctime  measurement  dnrxinstraled  the  long  term  stability  of  the  CNT  x- 
ray  source  array  for  digital  breast  tomosynthesis.  The  flexibility  m  configuration  of  the  x-ray  source  array  will  also  allow 
system  designers  to  consider  imaging  georikrlnes  lhat  are  diflicult  to  achieve  with  Ihe  conventional  single-source  rotating 
approach. 
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ABSTRACT 

The  stationary  Digital  Breast  Tomosynthesis  System  (s-DBT)  has  the  advantage  over  the  conventional  DBT  xyxtenw  ax 
there  is  no  motion  blurring  in  the  projection  images  associated  with  the  x-ray  source  motion.  We  haw  developed  a 
prototype  s-DBT  system  by  retrofitting  a  llologie  Sclenia  Dimensions  rotating  gantry  tomosynthesis  system  with  a 
distributed  carbon  nanotubc  (CNT)  x-ray  source  array.  The  linear  array  consists  of  31  x-ray  generating  focal  spots 
distributed  over  a  30  degree  angle.  Bach  x-ray  beam  can  be  electronically  activated  allowing  the  flexibility  and  easy 
implementation  of  novel  tomosynthesis  scanning  with  dtllerent  scanning  parameters  and  configurations.  Here  we  report 
the  initial  results  of  investigation  on  the  imaging  quality  of  the  s-DBT  system  and  its  defvndencc  on  the  acquisition 
parameters  ltKludmg  the  number  of  projections  views,  the  total  angular  span  of  the  projection  views,  the  dose 
distribution  between  different  projections,  and  the  total  dose.  A  mammography  phantom  is  raed  to  visually  assess  image 
quality.  The  modulation  IransfeT  function  (MIT)  of  a  line  wire  phantom  is  used  to  evaluate  the  system  spatial  resolution. 
For  s-DBT  the  in-plan  system  resolution,  as  measured  by  the  MTF.  does  not  change  !hr  different  configurations.  This  is 
m  contrast  to  rotating  gantry  DBT  systems,  where  the  MTF  degrades  for  increased  angular  span  due  lo  increased  Ideal 
spot  blurring  associated  with  the  x-ray  source  motion.  The  overall  image  quality  factor,  a  composite  measure  of  the 
signal  diflcTcnce  to  noise  ratio  (SdNRl  for  mass  detection  and  the  /-axis  artifact  spread  function  lor  mtcrocaleifieation 
detection,  is  best  for  the  configuration  with  a  large  angular  span,  an  inlenwdiate  number  of  projection  views,  and  an 
even  dose  distribution.  These  results  suggest  possible  directions  for  further  improvement  of  s-DBT  s)stems  for  high 
quality  breast  cancer  imaging. 

Keywords:  Tomosynthesis.  Mammography,  CNT  x-ray.  Dose  Distribution.  Phantom  Imaging.  System 


I.  INTRODUCTION 

Breast  cancer  is  a  life  threatening  disease  that  atleclx  more  than  200.000  \vonx*n  in  the  United  States  each  year1.  Since 
1990.  bteasl  cancer  incidence  rates  (or  women  in  the  United  States  have  held  constant,  while  mortality  rates  from  breast 
cancer  have  steadily  dv luted*.  The  decline  in  morlality  rales  can  largely  be  attributed  lo  better  nummography  screening 
procedures.  Current  mammography  practices  use  2D  imaging  to  screen  women.  Problems  arise  when  underlying  and 
overlying  tosue  obstruct  the  view  of  cancerous  lesions  m  the  breast.  Digital  Breast  Tomosynthesis  (DBT)  uses  multiple 
projection  unices  over  an  angular  span  in  ord»*r  to  create  a  3D  volumetric  reconstruction  of  the  breast ’.This  3D 
reconstruction  allows  lor  lesions,  which  would  otherwise  K:  obscured  from  view,  to  become  visible  . 


(’urtent  DBT  systems  use  a  single  x-ray  source  which  is  rotated  over  the  angular  span.  Images  are  either  taken  during 
rotation  or  the  system  uses  a  **siep  and  shoot"*  method9  Hither  method  can  result  in  blumng  of  the  focal  spot  dix:  to 
this  motion.  A  blurred  focal  spot  decreases  the  resolution  of  the  system  which  can  reduce  imcrocalcitication  conspieuity. 
The  "step  and  shoot*"  method  has  reduced  focal  spot  blurting  but  at  a  cost  of  increased  acquisition  time  . 
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We  have  developed  a  prototype  stationary  digital  breast  tomosynthesis  (X«DBT)  system  by  retrofitting  a  llologic  Selenia 
Dimensions  rotating  gantiv  tomosynthesis  system  with  a  distributed  eat  bun  natxitube  (CNT)  x-ray  source  array1  v  ,0. 
The  system  is  capable  of  creating  a  full  set  of  tomosynthesis  projection  images  with  no  x-ray  tube  motion  blurring  and  a 
decreased  acquisition  time. 

The  overall  imaging  performance  of  a  DBT  system  depends  on  many  factors  including  tlx:  x-ray  source,  tlx:  detector,  tlx: 
reconstruction  and  data  processing  methods,  and  the  imaging  configuration.  There  haw  been  a  large  number  of  studies 
on  how  rotating  gantry  DBT  system  performance  depends  on  the  imaging  configuration  *  '  .  The  goal  of  this  study  is 
to  investigate  the  relation  between  the  performance  of  the  CNT  s-DBT  system  aixl  its  specific  imaging  configurations. 
The  configuration  variables  include  the  total  angular  span,  the  number  of  projection  views,  the  total  dose,  and  the  dose 
distribution  across  the  projection  images.  Analysis  was  completed  on  reconstructed  physical  phantom  linages  using 
quantitative  measures  including  signal  dillcrence  to  none  ratio  (SdNR).  and  /-axis  artifact  spread  function  (ASK) 
analysis.  Further  analysis  wws  conducted  on  the  reconstructed  images  of  a  tungsten  crosswire  phantom  by  determining 
the  modulation  transit  function. 


2.  METHODOLOGY 


2.1  CNT  x-ray  source  array 

The  CNT  x-ray  source  array  consists  of  31  individual  x-ray  generating  Ideal  spots  in  a  linear  array  design*.  The  x-ray 
beam  fioxn  each  focal  spot  is  independently  controlled  by  the  corresponding  CNT  field  emission  cathode.  The  electron 
beam  is  generated  by  applying  an  extraction  voltage,  approximately  •  1400V,  between  the  cathode  and  tlx:  gate  electrode. 
The  tuK:  is  setup  so  that  a  constant  kVp  can  be  applied  to  the  anode.  The  effective  energy  sjvclmm  is  iktemuned  by  tlx: 
sum  of  the  anode  and  cathode  v  oltages.  Each  x-ray  beam  can  be  instantaneously  turned  on  off  by  controlling  tlx: 
cathoik-gatc  voltage.  An  electronic  control  system  (ECS)  was  designed  to  produce  constant  tube  current  <<  1% 
fluctuation)  over  the  lifetime  of  tlx:  tube  operation.  The  anode  material  is  tungsten  and  the  x-ray  window  is  I  mm  thick 
aluminum.  The  tube  can  be  operated  reliably  at  up  to  50  kVp,  with  a  potential  lifetime  up  to  3  years  in  clinical 
operations  . 

2.2  S-DBT  system 


The  CNT  x-ray  source  array  is  mounled  on  a  commercial  llologic  Selenia  Dimensions  DBT  system  (llologic  Inc.),  in 
which  the  standard  rotating  anode  mammography  x-ray  source  has  been  removed.  The  detector  lor  the  system  is  332S 
by  4096  pixels  with  a  pixel  size  of  0.07  mm.  All  tomosynthesis  projection  images  arc  obtained  in  2x2  binning  mock* 
making  the  effective  pixel  size  0.14  mm  .  Figure  1  shows  the  llologic  system  before  and  alter  integration  with  the  C~NT 
x-ray  source. 


2.3  Image  acquisition  configuration* 


Two  physical  phantoms  were  used  to  assess  the  linage  quality  of  the  s-DBT  system  and  Us  dependence  on  the  acquisition 
configurations.  The  standard  American  College  of  Radiology  <ACR)  mammography  accreditation  phantom  (GRS 
Mod: I  015)  was  imaged  to  assext  the  SdNR  of  masses  and  z- resolution  sensitivity  of  microcakrilicalions.  The  ACR 
phantom  contains  aluminum  oxide  (AL-Oj)  specks  ranging  from  0.54  mm  to  0. 16  nun  in  diameter,  masse*  ranging  from 
2  mm  to  0.25  mm  in  thickness,  aixl  nylon  libers  that  range  from  1.56  mm  to  0.4  mm  in  diameter.  Figure  2  shows  a 
reconstructed  volume  slice  of  the  ACR  phantom  using  the  s-DBT  system.  In  addition  to  the  ACR  phantom,  a  homemade 
wire  phantom  consisting  of  0.05  mm  dianxMer  tungsten  wires  was  used  to  assess  the  MTF.  All  images  were  acquired 
using  an  ctVect  potential  difference  of  31.4  kVp.  The  angular  span,  anode  cunent.  and  numtxrr  of  projections  views  were 
determined  by  the  particular  configuration  that  wus  used. 
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t  units  2.  ACR  p4uni;»m  imigc  inquired  using  our  I  system.  Die  ptuniom  contains  siniulauu!  nuvwv. 
muTocaleificJiionv.  jnd  fibers  Anilym  «ai  conduced  on  the  mattes  and  mKnx:  ala  heat  Kins 

The  quality  at’  tomosynthesis  images  can  depend  on  many  factors  such  as  the  angular  >qian  of  the  projection  images,  tlw 
number  at*  piojectiun  views,  tlx:  total  dose  and  dose  distribution,  the  detector  resolution  aixl  sensitivity,  and  the 
rvcuitstructum  algorithm.  Here  wc  concentrated  on  tlie  variation  of  geometry  parameters  and  dose.  Hie  same 
reconstrucUnn  method  (see  section  2.4)  and  detector  was  used  foe  all  imaging  configurations 

Four  groups  of  comparison  studies  were  done.  ( 1 1  For  a  fixed  dote  of  1 00  mAs  and  1 5  protection  views.  WC  compare  tlw 
angular  span  ot  14"  versus  28".  (2)  for  a  fixed  dose  of  1 4)0  mAs  and  an  angular  span  of  28".  we  compare  15  versus  29 
projection  views.  (3)  For  a  fixed  total  dose  of  100  mAs  an  angular  span  of  28°  and  29  piojectiun  view's,  we  compare 
three  different  dose  distributions;  (4)  For  a  fixed  angular  span  of  28"  and  29  projection  views,  we  vary  the  total  dose 
Inim  nO  mAs  in  1 21)  mAs  All  configurations  are  listed  in  Table  1. 
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Tabic  I.  List  of*  Configuration*  ami  paranxter*  that  were  analyzed.  Four  parameter*  were  changed  in  order  to  create 
different  configuration*:  number  of  projection  view*.  total  angular  spin  total  dove,  and  dose  distribution.  Seme 
configuration*  appear  in  more  than  one  group. 
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2.4  Image  processing  and  reconxt ruction 

Fur  each  con  ft  curat  ion  a  set  of  blank  linages  wen:  acquired.  Dark  images  were  acquired  for  lhe  Iwo  detector  integration 
times  that  were  used.  274  ms  and  295  m*.  Projection  images  of  the  AC’R  aixl  wire  phantom  wen:  processed  teeing 
Equation  1.  This  processing  helps  correct  for  detector  and  beam  rxin -uniformity  as  well  as  gain  offsets. 

Project  ion  -  Oar  k  <  I  \ 

'ma9e  =  Blank  -  Oaric 


Reconstruction  of  the  3D  volume  was  completed  using  a  dynamic  3D  reconstruction  software  package  developed  by 
Real  Time  Tomography.  LLC  (Villanova.  PA).  Hus  software  uses  a  Kick  projection  filtering  nxrtbod  .  The 
reconstructed  volumes  have  a  pixel  si/e  of  0.1  mm  at  tlx:  focal  plane  and  a  distance  between  slices  of  0.5  mm. 

2.5  SdNR  analysis 

The  ability  of  a  DBT  system  to  iVrtect  masses  in  the  breast  is  primarily  determined  by  in-planc  contrast.  Signal  difference 
to  noise  ratx>  (SdNR)  is  a  measure  o!  the  contrast  with  respect  to  the  ixuse  level.  SdNR  analysts  was  completed  on  tlx:  2 
mm  mass  that  is  embedded  in  the  AC  R  phantom.  The  lbtegrouixl  was  selected  to  K:  tlx:  mass  and  tlx:  background  wax 
selected  to  be  a  circular  region  surrounding  the  max*. 

To  determine  the  noise  in  the  lbtegrouixl  and  background,  a  moving  average  lifter  was  used  across  tlx:  original  image 
and  the  resultant  image  was  subtracted  from  the  original.  This  is  used  to  remove  syxlcmitic  variation  of  the  background 
image  that  is  not  dtx:  to  not*:.  The  standard  deviation  was  taken  of  tlx:  two  legions  in  the  subtracted  image. 

Equation  2  shows  the  calculation  used  to  determine  the  SdNR  of  the  images.  In  the  equation  '*p*4Mr  and  signify 

the  average  pixel  intensity  of  the  foreground  and  txickground  respectively.  The  variables  ’*o.*#u**  aixl  “on/*  signify  tlx: 
xlandird  deviation  of  the  subtracted  foreground  and  background  image  respectively  . 
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2.6  /*a\n  artifact  spread  function  analysis 

The  depth  resolution  of  DBT  can  be  rrerasured  by  the  /-axis  artifact  spread  function  (ASF).  The  AFS  was  calculated  fur 
the  0.54  mm  aluminum  oxide  specks.  These  specks  are  used  to  simulate  microcalcitications  (MC)  which  can  be  a 
precursor  to  breast  cancer.  There  are  a  cluster  ol’  six  sjvcks  in  the  phantom  and  the  analysis  was  completed  on  the 
central  speck.  Due  to  the  small  si/e  of  the  MC’  it  is  difficult  to  determine  the  average  pixel  intensity  value  ot’the  sjvck. 
We  calculated  the  ASF  by  taking  the  maximum  pixel  value  found  in  a  small  region  of  interest  <R()1).  where  the  central 
speck  would  be.  through  every  reconstruction  slice  of  the  reconstruction  space  .  flach  reconstruction  slice  is  Unrated  0.5 
mm  above  live  previous  slice.  As  the  distance  from  the  current  slice  becomes  farther  from  the  focus  plane  of  tbc  specks 
the  intensity  of  the  ASF  decreases.  Wc  use  the  width  of  the  ASF  at  the  50%  peak  value  as  a  quantitative  measure  of  tin: 
/.•axis  spatial  resolution. 

Fquation  3  shows  the  calculation  used  to  determine  the  ASF.  In  the  equation  "i~  is  the  current  reconstruction  slice. 
Tnax  {Slgnol{l)Y  is  the  maximum  pixel  value  of  the  ROI  of  the  current  reconstruction  slice,  and  *>***(0"  >*  ihe 
jverage  value  of  the  background  of  the  current  reconstruction  slice  .  Once  the  ASF  was  calculated  the  data  was  fitted  to 
two  Gaussian  functions  before  the  value  at  50%  was  determined. 

(*U*ttI(Q)  -  W0I  O) 
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2.7  MTF  calculation 

Using  the  0.5  mm  erosswire  phantom  the  system  Modulation  Transfer  Function  was  calculated.  Wc  used  a  rrethod  of 
MTF  calculation  that  was  previously  published*1.  Using  an  ovenampled  line  speead  funclion  we  lilted  the  data  to  a 
Ciaussian  function.  The  Fourier  tianslbrm  of  tl*:  fitted  Gaussian  function  is  the  MTF.  The  spatial  resolution  at  10%  MTF 
peak  vali*:  is  used  as  the  quantitative  treasure  of  the  in-plane  linage  resolution. 

2.8  linage  quality  factor 

To  assess  the  overall  performance  of  the  s*I)BT  system  in  detecting  both  the  mass  and  MC*  we  use  the  composite 
measure  of  image  "quality  factor**  <QF).  Fquation  4  shows  the  calculation  we  used  for  the  quality  factor.  It  is  similar  in 
«cope  to  a  previously  published  trefhod*  .  In  the  equation  "SdNR"  is  the  value  determined  from  the  signal  difference  to 
noise  ratio  calculation  and  ’‘.ASF**  is  the  w  idth  of  the  artifact  spread  function  at  50%. 

SdNR  (41 


3.  RESULTS 

Data  was  collected  for  lhe  SdNR.  the  width  of  the  ASF  at  Sir*,  and  the  NfTF  at  10%  foe  each  configuration.  A  summary 
Lit’ the  results  for  all  configuration  studies  is  shown  in  Table  2. 
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Table  2  Calculated  result*  ft*  SdNR.  ASF  at  50V  and  MTF.  TXita  if  separated  into  the  tour  group*  of  configuraticcw  that 
*erc  outlined  in  section  2).  The  configuration  with  15  projection  views,  a  2#  degree  angular  *pan.  and  an  even  dote 
distribution  resulted  in  the  htibctf  '  Quality  factor'*  value 


Total  l»(.%o 
(mAf) 


I>OfC 

Distribution 


Jqual  dxc 


Lqual  dktc 


dx*C 


Lower  on  central; 
i  iiohcr  on  exterior 


VI  SdNR 

A  magnified  image  of  the  ACR  phantom  nats  which  was  used  in  the  calculation  of  the  SdNR  is  shown  in  Figure  3. 
Looking  at  lablc  2  it  can  be  seen  that  the  SdNR  did  not  llucluatc  greatly  when  the  angular  span  was  increased  (Group  1). 
Tins  was  exjxvted  since  the  only  differences  in  photon  counts  were  the  slightly  higher  souree  to  object  distance  for  the 
wider  angular  span.  When  the  number  of  projection  images  was  increased  the  SdNR  did  not  change  drastically  (Group 
2).  Group  3  had  different  dose  distributions  with  the  same  total  dose.  A  lower  SdNR  was  found  in  the  configurations 
that  had  non -uniform  distributions.  This  can  be  attributed  to  the  lower  photon  count  on  some  of  the  projection  images  of 
the  uneven  dose  distributions.  When  the  total  dose  was  increased  (Group  41  there  was  a  corresponding  increase  in 
SdNR.  The  increased  photon  count  gave  a  much  larger  signal  difference  which  contributed  to  the  increased  SdNR. 

3.2  MTF 

The  value  at  10%  of  the  MTF  was  used  as  a  quantitative  measure  of  in-plane  resolution.  Figure  4  show  s  an  example  of 
Line  of  the  line  spread  functions  and  the  corresponding  NTTF. 

As  can  be  seen  in  Table  2.  there  was  no  significant  change  in  the  value  of  the  MTF  at  10%  for  the  diilerent 
configurations.  This  is  because  the  in  plane  resolution  is  predominately  determined  by  focal  spot  si/e  and  the  detect  tx 
pixel  si/e.  Since  there  is  no  local  spot  blurring  in  s*DBT  lor  different  configurations,  the  MTF  does  not  change.  This  is 
m  contrast  to  a  rotating  gantry  DBT.  in  which  a  large  angular  span  or  a  large  number  of  projection  views  can  lead  to 
large  local  spot  blurring  asMiciatcd  with  x-ray  source  motion  or  mechanical  instability,  thus  degrading  the  MTF.  The 
10%  MTF  system  resolution  in  S-DBT  is  lbund  to  be  significantly  higher  than  that  of  a  tvpieal  OUT  system10. 
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figure  .V  Left  Magnified  view  of  2  mm  mass  LuikJ  in  the  ACft  prunsuiv  IT*  SdNR  of  the  miss  ird  the  surrounding 
txukgrouud  w is  cakulafcd  for  Ofth  cuufigurition.  Right:  Magnified  view  of  the  0.>4  nun  t|X*cL  clutter  tmind  in  the  ACK 
phantom.  AST  jnuh  tit  wai  umiptcied  cci  the  central  vprek  m  the  Juttcr  for  each  ccaftguraiHin. 


L5F*Giiauift!iF 


figure  4.  Left  Phil  of  the  nvavjmplcd  L5F  and  die  turret  pending  Gaucsun  fitted  LSr  which  was  used  for  MTF 
cak-uUitun*  Right  MTF  of  the  LSI7  with  tlir  value  at  III*,  highlighted.  TK*  MTF  was  fowl  to  be  uuund  4.2  line  pairs  per 
mm  for  rath  configuration  There  was  nu  significant  change  in  MU'  value  for  (lie  ditlerait  t onfigunitiixit. 

33  Artifact  spread  function 


A  magnified  image  of  the  ACR  plunlorn  speck  clutter.  vvtitch  was  used  in  the  calculation  of  the  artifact  spread  function, 
can  be  luund  in  ftuurc  3.  The  central  speck  is  used  for  quantitative  analysis  of  the  ASF  for  all  configurations  As  can  be 
seen  in  Table  2  and  F'lgure  5.  there  w  dramatic  change  in  ASF  going  from  14  degree  lo  28  degree  angular  span.  This 
trend  can  be  dearly  seen  in  Figure  6  where  the  width  at  50%  ASF  is  plotted  Versus  the  total  angular  span  ranging  from  8 
lo  28  iVgrcex.  Tlsc  apparent  decrease  of  the  width  of  the  ASF  cm  be  attributed  tu  llie  increased  inhumation  which  is 
collected  in  the  projection  space  when  Ihe  angular  span  w  increased.  Similar  results  leave  been  found  in  previous 
studies  For  a  fixed  angular  span,  the  ASF*  is  found  to  be  insensitive  to  Use  number  of  projection  views,  the  total 
dose,  and  dose  distribution 
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V4  Opiinul  configuration  as  determined  by  the  inline  ijualilv  factor 

The  mage  quality  factor  w  helpful  in  evaluating  which  configuration  is  better  overall  when  taking  into  account  both  thc 
ASF  and  SdNR.  The  QF  equation  only  lakes  into  account  the  SdNR  and  ASF  because  the  MTF  was  Idund  not  to  K- 
illecled  by  the  change  in  configuration  purameters.  As  table  2  diowx  tile  QF.  for  a  given  fixed  dove  and  angular  *pun.  is 
similar  fur  uniform  and  non  uniform  dense  distribution  over  the  fixed  number  of  projection  views  (Citxiup  3f  The  OF  is 
clearly  heller  fur  a  large  angular  span  versus  a  smaller  one  (Ciniup  1 1  Though  the  QF  fur  1 5  and  29  views  (Group  21  are 
similar  for  a  given  angular  span,  due  to  the  finite  detector  frame  rale  the  scanning  time  tor  2M  views  is  significantly 
longer.  Thus,  we  conclude  llut  overall  the  best  contiguration  is  the  one  with  2K  deg  ice  angular  span  and  15  projection 
views  with  uniform  doic  dLilxihulKin. 


figure  5  ConquriKO  if  the  ASF  of  an  angular  qun  of  14  degrees  versus  in  angular  spi®  of  28  degree*.  Doth  th:  raw  data 
and  the  dita  filled  to  two  (iauiuin  functicot  are  stawn.  The  14  degree  spin  resulted  in  a  n».h  brooder  ASF  due  to  the 
lack  of  information  in  dir  nroreclHin  truer. 


ASF  *1  50*1  vs  tdal  annular  *n*n 


T ^ngirar  Swn  tDesrws; 


1  iguxe  b.  Ketuht  showing  the  effect  of  tmal  angular  spin  on  the  width  of  the  ASF  at  5<TV  A  very  nericeable  trend  tan  he 
uren  wtiich  thou*  that  an  incrruted  angular  tpm  ictults  in  a  hetter  artifact  spread  functiixx 
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4.  DISCUSSION  AND  CONCLUSIONS 


We  how  evaluated  how  llie  linage  quality  of  reconstructed  ilala  sets  Irom  our  s-DBT  system  dcjvnds  on  parameter* 
including  the  number  of  projection  images  angular  spun,  and  dmc  distribution  The  modulation  transfer  function  did  not 
lluctuilc  between  the  different  configurations.  This  is  due  Id  the  tact  that  it  is  mure  heavily  JepetvJent  on  the  focal  spot 
si/e.  pixel  si/r.  object  magnification.  and  the  reconstruction  algorithm  used.  However  in  current  DDT  systems  wlueh 
utilize  continuous  motion  in  order  to  reduce  acquisition  time  the  MTF  degrades  due  to  llie  motion  blur  of  the  local  spot1* 
Therefore,  different  configurations  would  result  in  different  MTF  values  The  x-DBT  system  has  no  focal  spot  blurring 
so  the  MTF  duct  not  degrade  even  when  dtlferent  configurations  are  used. 

Adding  extra  projections  to  the  configuration  did  not  aftcel  the  quality  of  the  images  significantly  However,  us  the 
angular  span  mciexscd  Ihe  z-axis  resolution  increased.  The  increased  /-axis  resolution  could  be  Very  beneficial  when 
imaging  patients  since  there  will  be  tissue  around  the  object  of  mterest  that  tlie  viewer  would  not  want  to  obscure  their 
view.  Increased  angular  range  becomes  a  problem  foe  current  DDT  system*  due  to  the  increased  focal  sjxit  hlurruig 
and  or  acquisition  timr1" 

.•Vs  llie  total  dose  increased  Ihe  SdNR  also  increased.  When  delenmning  llie  total  dose  it  is  best  to  determine  a  dose  for 
the  patient  tlut  will  have  enough  photons  penetrate  to  llie  deleclur  while  keeping  in  mind  that  over  dosing  could  U: 
harmful  la  patients.  The  distribution  of  the  dose  did  not  have  a  large  effect  on  the  overall  quality  of  the  images.  Dul  a 
better  SdNR  was  ohterved  in  the  even  distribution.  It  was  found  that  a  configuration  with  a  large  angular  span,  un 
intermediate  number  of  projection  views,  and  on  even  dose  distribution  resulted  in  llie  Ivtl  overall  image  quality. 
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Abstract  #2676 


Stationary  Digital  Tomosynthesis  System  for  Early  Detection  of  Breast  Tumors 
Background: 

Digital  breast  tomosynthesis  (DBT)  is  a  limited  angle  computed  tomography  technique  that  can 
distinguish  tumors  from  its  overlying  breast  tissues  and  has  potentials  for  detection  of  cancer  at 
earlier  stage.  Current  prototype  DBT  scanners  are  based  on  the  regular  full -field  digital 
mammography  systems  and  require  partial  isoccntnc  motion  of  an  x-ray  tube  over  certain 
angular  range  to  record  projection  views.  This  prolongs  the  scanning  time  and  in  turn  degrades 
the  imaging  quality  due  to  motion  blur.  To  mitigate  the  above  limitations,  a  stationary  DBT  (s- 
DBT)  scanner  has  been  recently  developed  in  our  lab. 

Methods: 

Ihc  proposed  s-DBT  scanner  uses  the  carbon  nanotubc  (CN  F)  based  spatially  distributed  multi- 
beam  field  emission  x-ray  (MBFEX)  technology.  The  system  records  all  the  projection  images 
by  electronically  activating  the  multiple  x-ray  beams  from  different  viewing  angles  without  any 
mechanical  motion. 

Results: 

31  individually  controllable  x-ray  beams  for  the  proposed  s-DBT  scanner  has  been  designed  and 
characterized.  The  experimental  study  showed  promising  results.  The  scanning  time  is  as  short  as 
4  seconds  with  output  exposure  level  of  lOOmAs.  The  measured  focal  spot  size  (FSS)  is 
0.7x0.6mm  using  2.5x1 3mm  rectangular  CNT  cathodes.  Both  of  scanning  time  and  FSS  arc 
superior  to  the  latest  DB  F  systems  from  commercial  vendors.  The  other  preliminary  results  in 
term  of  x-ray  source  stability  showed  that  the  CN  F  based  MBFEX  source  can  be  operated  for  at 
least  7  years  for  a  busy  mammography  clinic. 

Conclusions: 

'Fhese  preliminary  results  demonstrate  the  feasibility  of  the  proposed  s-DBT  scanner.  Ilie 
technology  has  the  potential  to  increase  both  the  temporal  and  spatial  resolution,  simplify  the 
system  design,  and  reduce  the  scanning  time. 


Figure  1:  left :  A  top  view  photo  of  the  x-ray  source  liibrxatcd  with  31 
CNT  MBFEX  beams  embedded,  right:  A  CAD  drawing  shows  the 
MBFEX  source  integrated  with  an  x-ray  detector. 


